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PREFACE 


One of the most important problems facing a field geologist is deter¬ 
mining order of succession (top and bottom) and nature of the structure 
in folded layered rocks. As Mead (1940: 1007)^ recently put it: “In a 
region of folded rocks the problem of the structural geologist is freciuently 
the building of a reasonable three-dimensional picture of folded stru<‘ture 
from the fragmental evidence afforded by scattered outcrops, dnll holes, 
test pits, and mine workings. Dip, strike, and lithology of beds alone 
are inadequate because they do not afford unique solutions. Determina¬ 
tions of “top or bottom" of beds are of great value because they make 
possible unique solutions of many situations, and it is now generally 
recognized by structural geologists that every reasonable effort should 
be made to ascertain the stratigraphic sequence of beds." 

In order to determine the tops and bottoms of beds and the archi¬ 
tecture of folded layers, the field geologist must know not only where 
and how to search for the manifold record presei^'ed in the different kinds 
of rocks but also how to interpret and use what he find^ In thus study¬ 
ing the structure of the earth's crust he has to determine, among other 
things, the sequence of bedded, or layered, rocks, i.e., the order of suc¬ 
cession in which they were formed. The original sequence of the beds 
may not be obvious if the strata are steeply inclined or vertical. Under 
such conditions the investigator must search the exposed rocks for fea¬ 
tures that will indicate the original top or bottom of the sequence or, 
conversely, the relative order of succession of the units in the seciuence. 

This Avork has been prepared for the express purpose of describing 
and illustrating principles and features that can be used to establish 
order of succession (top and bottom) in layered rocks, especially Avhcre 
the strata are steeply inclined or vertical.^ It has been prepared spe- 

‘ Wc shall use the namo-date-page method in citing references. Within the 
parentheses the first series of numbers refers to the date of the reference; the second 
series refers to the page or pages in the articles. All references cited are listed in the 
bibliography, which constitutes Chap. VIII. They are listed chronologically under 
the names of the authors, which are arranged alphabetically. 

“ The great importance of top and bottom features to geological field work was 
well summarized recently by M. E. Wilson of the Geological Survey of Canada, who 
stated m a lecture delivered before the New York Academy of Sciences on Nov. 5 
1945, that (Wilson 1945: 43-44): “Up to a few years ago, most geological maps of 
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cifically for students, but it also may well serve as a convenient review 
for mature and experienced field geologists. 

It is published at this time because the author feels that the assem¬ 
bled data, even though incomplete and not so fully condensed as might 
have been possible with further effort, should be made available immedi¬ 
ately to the many geologists who are searching for petroleum and metals 
in every part of the globe. It is hoped that the work ^\^ll stimulate 
investigators to test in the field the many features that are described and 
illustrated and to search for and evaluate others that they themselves 
may find.^ 

In preparing this work the author has drawn heavily upon many 
sources for both text and illustrative matter. An expression of apprecia¬ 
tion is due the following publishers for permission to quote excerpts and 
to reproduce illustrations from published works: D. Van Nostrand 
Company, Inc.; E. P. Dutton & Co.; Henry Holt & Co., Inc.; John 
Wiley & Sons, Inc.; Longmans, Green & Co., Inc.; McGraw-Hill Book 
Co., Inc.; Methuen & Co., Ltd.; Oxford University Press; Teachers 
College, Columbia University; University of Chicago Press; The Wil¬ 
liams & Wilkins Company; and Thomas Murby and Co. 

The following have kindly granted permission to use text and illus¬ 
trative matter from their publications: American Association for the 
Advancement of Science (Science); American Geophysical Union (Trans¬ 
actions); American Institute of Mining and Metallurgical Engineers 


Archaean areas in the southern part of the Canadian Pre-Cambrian Shield showed 
the distribution of formations, but gave little information regarding their structure. 
In recent years, it has been discovered, however, that Archaean rocks are character¬ 
ized by features from which their structural succession can be determined. These 
are mainly pillow and brecciated flow tops in lavas and change of grain and cross¬ 
bedding in sediments. 

Gruner (1941; 1635), in discussing the structural geology of the Knife Lake dis¬ 
trict of northeastern Minnesota, pointed out that top and bottom criteria that he and 
his associates found useful there should have wide application since the area studied 
“ ... IS representative of large portions of the Canadian Shield. It contains raeta- 
morphic rocks which still permit the identification of certain primary sedimentary 
features such that the recognition of tops and bottoms of beds is possible. It is 
evident from mspection of the maps that without them it would have been impossible 
to interpret any but the simplest structures.” 

For unraveling the compUcated structure of the district, Gruner and his associates, 
as well as the geologLsts who had previously worked in the area, found the following 
criteria most useful: horizon markers, gradational bedding, cross-lamination, scour 
and fill, scalloping” (Art. 70), drag folds, and fracture cleavage. 

* As Leith (1923; 187-188) pertinently remarks: “The keen observer will often 
discover other cntena which m particular cases wiU give the solution of this problem 
p.e., which IS the top or bottom of a bed].” 
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{Transaciiom); Boston Society of Natural History; British Association 
for the Advancement of Science; Canada, Department of Mines and 
Resources (publications of the Geological Survey of Canada); Carnegie 
Institution of Washington {Publications; News Science Bulletin); Eco¬ 
nomic Geology; Geological Magazine; Geological Society of London 
(Quarterly Journal); Journal of Geology; Journal of Paleontology; Journal 
of Sedimentary Petrology; Nature; New York State Museum (Bulletins; 
Memoirs; etc.); Ontario Bureau of Mines; Quebec Bureau of Mines; 
Royal Irish Academy (Proceedings); Royal Society of South Australia 
(Transactions and Proceedings); Science News Letter; The American 
Association of Petroleum Geologists (Bulletin); The American Journal 
of Science; The Geological Society of America (Bulletins; Memoirs; 
Sjiecial Papers); The Geological Society of South Africa (Transactions); 
The Mineralogical Society of America (The American Mineralogist); The 
Quarry Managers’ Journal, Ltd.; The Royal Society of Canada (Transac¬ 
tions); The University of Missouri School of Mines and Metallurgy; 
United States Geological Survey (Bulletins; Professional Papers; Annual 
Reports; etc.); and United States National Museum. 

Not included in the foregoing list are a few publications from whicli 
brief abstracts were made or short excerpts quoted. Specific citations 
are given for all such source material, and it is hoped that these constitute 
satisfactory credit. 

The author is deeply grateful to the many writers from wliom he has 
abstracted ideas, quoted descriptions, or borrowed illustrations appearing 
in the foregoing lists of publications. He has preferred to quote excerpts 
rather than to abstract them in order that the original ideas or details 
may be recorded with complete accuracy. What may seem to a few 
readers to be overmeticulous attention to the proper crediting of these 
abstracts, quotations, and illustrations will, he is sure, be taken by most 
others as an indication of diligent effort to give credit fully where credit 
is due. 

A special statement should be made about the photographs. Some of 
these were sent to the author at his request; others were prepared under 
his direction; and still others were obtained from published sources. 
Photographs furnished by individuals are acknowledged by placing the 
name of the person under the illustration. If the photograph has been 
published, that fact is noted in the caption. Those supplied by surveys 
and periodicals carry the appropriate credit line or are credited in the 
caption. Those from published sources alone are fully credited in the 
caption accompanying the illustration. All uncredited photographs are 
original with the author. 

From the 18 persons who sent photographic prints or negatives, the 
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author cannot forbear singling out for a special expression of gratitude 
Dr. R, L. Nichols, chairman of the Department of Geology, Tufts Uni¬ 
versity. He not only furnished the 16 photographs reproduced in 
Chap. VI but also offered certain suggestions that were used in making 
several line drawings. A special acknowledgment is due to the Geo¬ 
logical Sur\'ey of Canada for sending photographic prints used in Figs. 
50, 115R, 123, 132, and 157. Similar acknowledgment is due the U.S. 
Geological Sur\'ey for providing prints of the subjects that appear as 
Figs. 189, 218, and 251. Finally, it is a pleasure to acknowledge the 
handiwork of F. P. Orchard of Peabody Museum, Harvard University, 
who prepared Figs. 68, 101, 103, 108, 109, 117, 124, 147, 160, 220, 281, 
and 287. 

Except for a few, which are duly credited, all line drawings were 
prepared by the author. If the drawing is based on a published diagram, 
that fact is noted in the caption; if it is based on a colleague’s suggestion, 
that colleague is duly credited in the caption. 

The author has contracted a deep debt of gratitude to students and 
colleagues who have discussed with him many different aspects of top 
and bottom features, offered stimulating and helpful suggestions, chal¬ 
lenged certain interpretations that necessitated restating them more 
clearly, collected specimens and photographs that have added to the 
value of the work, and called attention to certain obscure references that 
probably would have been overlooked. The list is much too long to 
include here, but the author cannot forbear expressing appreciation to 
the follo^^^ng; J. D. Allan, P. E. Auger, H. C. Dake, F. M. Grout, C. A. 
Malott, W. J. Mead, E. Mencher, W. D. Michell, W, H. Newhouse, 

R. L. Nichols, P. E. Raymond, O. Rove, H. C. Stetson, O. F. Tuttle, and 

S. A. Tyler. A special debt of gratitude is due to Prof. W. L. White- 
head, Prof. H. W. Fairbairn, and J. D. Allan, each of whom read the 
entire typescript critically and made many valuable suggestio ns , 

Mrs. Margaret A. Frazier, librarian of the Museum of Comparative 

Zoology, Har\"ard University, rendered valuable bibliographic assistance. 

Sylvia Bateman, Barbara Fleming, and Anne K. Rodman deserve a vote 

of thanks for efficient stenographic work. Finally, grateful thanks are 

due Theodora Weidman Shrock for much tedious work on typescript and 
proof. 


Lexington, Mass. 
May, 1948 


Robert R. Shrock 
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CHAPTER I 
INTRODUCTION 


This chapter introduces the reader to the purpose and scope of the 
present work, ue., to describe and illustrate top and bottom features in 
all kinds of bedded and layered rocks. The features are considered in 
four ^oups comprising six chapters as follows: Chapter II—those Gross 
Relationships that have long been recognized and used as a basis for 
the accepted geologic time scale {e.g., superposition, faunal succession, and 
unconformity), Chapters III, IV, and V—Features of Sedimentary Rocks, 
Chapter VI—Features of Igneous Rocks, and Chapter VII—Features of 
Metamorphosed Rocks. 

We define how the terms bed, layer, stratum, and lamina are to be used, 
point out the nature and variations displayed by top and bottom features, 
and consider the limitations that must be imposed on the use of these 
features. It is emphasized that the features are developed on all scales, 
ranging from microscopic to grossly macroscopic, and that they lie on the 
upper or lower surface of a layer as well as within it. 

We further emphasize the importance of determining stratification or 
bedding and list a few features that are useful for this purpose, define the 
way dip and facing (or face) are to be used, call attention to the value of 
carefully collected rock specimens, and suggest a few simple rules to be 
followed in taking samples. 

Finally, the better known textbook and journal references to top and 
bottom features are cited and tabulated for easy reference. 

1. Pixrpose and Scope.—This work has the single primary purpose of 
describing and illustrating features, structures, and relations of rocks that 
might be useful in determining original order of succession (top and bot¬ 
tom) in stratified or layered rocks, relative age of contiguous beds and 
layers, or direction of original verticality (up or down). 

Order of succession, relative age of contiguous layers, and original 
verticality (f.e., the direction in which gravity was acting at the time the 
feature was formed) are intimately related, and the determination of one 
may inferentially indicate one or both of the others. For example, any 
feature indicating the relative ages of sequential strata, presumably 
deposited in conformable succession and in essentially horizontal position, 
likewise indicates the top or bottom surface of a particular layer in the 

1 
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sequence and the original order of succession.^ In the same way, by 
discovering which is the original top- or the original undersurface of a 
layer in a continuous sequence, one can infer the true original order of 
succession and the relative ages of contiguous beds in the sequence. 

The features to be described will be useful in determining top and 
bottom in 

1. Sequences of stratified sedimentary rocks that have been folded and 
faulted 

2. Layered bodies of igneous rock that have been deformed 

3. Sequences of layered metamorphosed rocks in which many original 
features have been altered or destroyed and new ones developed as 
a result of deformation and metamorphism 

4. Massive bodies of any kind of rock that lack apparent layered 
structure or have such a structure developed only on a grand scale 

The present work is designed primarily for advanced students and 
field investigators who expect to be or actually are faced with the problem 
of top and bottom determination. The problem usually offers little 
difficulty in a terrane that shows only minor deformation, but it is often 
a difficult one and of critical importance in regions of intense folding and 
faulting (see footnote below). 

The investigator needs first to know something about the mode of 

' As an example of a significant feature, let us consider primary and secondary 

cavities. If these are contemporaneous with beds or layers formed in horizontal 

position and are partly filled before there is any subsequent deformation, the flat 

surface of the incomplete filling marks original horizontality and is itself an original 

bedding plane (Fig. \G). If these cavities are contemporaneous with layers formed 

on a slope and are partly filled before subsequent deformation, the horizontal plane of 

the incomplete filling makes with the bedding an acute angle that is the amount of 

initial dip of the layer (Fig. IH). If, in the situation just described, the flat surface 

of the incomplete fiUing is inclined to the horizontal, the initially dipping layer has 

been modified in dip by compaction or folding (Fig. 1/). Secondary cavities in either 

flat-lying or initiaUy dippmg layers, if incompletely filled, show the same relations 

and have the same top and bottom significance as primary cavities (Fig. IGO- 

fact, the two kinds of cavities may be indistinguishable. However, if they occur in 

tilted beds assumed to have been formed in horizontal position, the flat surface of the 

incomplete filling makes with the bedding plane an acute angle that shows the amount 

of tilting the bed unden\'ent before the filling started. If there was tilting during the 

period of fillmg or afterward, the stratification planes m the incomplete or composite 

fillmg are tilted in the ^me direction as the inclination of the containing layer (Fig. 

\J). If a stratified cavity filling is a primary feature in a massive body of undeformed 

rock (e.g., a thick flow or a pluton), its stratification indicates horizontality. The 

same stratification may or may not indicate which direction is up or down in the rock 
mass (see Arts. 217 to 220). 



INTRODUCTION 


3 


origin and the typical characteristics of any feature before he can fully 
appreciate its usefulness and limitations. Consequently, we discuss these 
aspects at considerable length in order to furnish the reader with a good 
basis for interpretation and evaluation. Each feature is evaluated, and 
the limitations that must be imposed on its use are discussed. Since 
it is likely that many investigators who may find occasion to test certain 
of the features discussed in this work will be in the field, often far removed 
from libraries and laboratories, the individual features, structures, and 
relationships are described in detail and illustrated fully. It is hoped that 
this elaboration will make the work a field manual more or less complete in 
itself. Xhose ^\ho wish to obtain additional information on a specific 
feature will find leading references in the Bibliography (Chapter 

2. Plan of Presentation.—The features to be discussed have been 
divided into the following four categories: 

1. Gross Relationships. Regional relationships involving principles 
that have formed the basis of all correlation and of the geologic 
column for the entire world (Chap. II). 

2. Features of Sedimentary Rocks. Features, structures, and rela¬ 
tions of rocks that were deposited as sediments. These will be 
of special interest and value to geologists investigating folded and 
faulted sedimentary rocks and their little-altered metamorphic 
derivatives (Chaps. Ill, IV, and ^'). 

3. Features of Igneous Rocks. Features associated with ^aIlcanism 
and the emplacement and crystallization of magmas. These will be 
found in terranes where igneous rocks predominate (Chap. VI). 

4. Features of Metamorphosed Rocks. Features developed in rocks 
of different kinds during metamorphism (dynamic, hydrothermal, 
etc.). These may or may not be related to primary features that 
were present in the parent rock. They will be of chief value to 
geologists working in terranes where metamorphosed and de¬ 
formed rocks predominate (Chap. VII). 

Many of the features to be described have important significance and 
use aside from their value as indicators of the top or bottom of the layer 

in which they appear. Reference will be made to this aspect at appro¬ 
priate places. 

Each topical heading below the rank of chapter title has a number 
{e.g. 13. Collection of Field Samples) for ease of reference. The numbers 
run consecutively from the beginning to the end of the work without 
regard for chapter divisions. Illustrations are keyed to these numbers. 
When a specific topic is referred to, the number is preceded by Art., the 
abbreviation for article {e.g. Art. 12). 
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Yerh'ca/ 


Verh'ecil 



IJo. 1 .—FjI ed ca^Ues and their use as mdicatora of top and bottom. In all figures the longer sides of 
the rectangles indicate bedding. A. Unfilled primary cavity. This might be geodized. and if the 
internally intrusting crystals were concentrated in or limited to the lower part of the cavity they would 
then have top and bottom significance. B. Complete filling of laminated material. The laminae indi¬ 
cate horuontality and a direcUon perpendicular thereto—verUcality—but this type of filling gener- 
Mly cannot be i^d for top and bottom determination. C. Complete filUng of massive material. 
D. Incomplete «hng of massive mtenal. The plane of composiUon pc defines horuontality and marks 
the up^r «de of the incomplete filling. £. Composite filling composed of a laminated lower part and a 
crystallu^ upper part, the two separated by the plane of composition. F. Composite filUng imposed 

® crysUllued upper part, the two separated by the plane of composition, 
n “completely filled with stratified material. Since the plane of com- 

posiUon IS parallel to the beddmg and the bedding is horizontal, it follows that the cavity may be either 

k 1 ^ incomplete fiUing. and that the bed has not been duturbed since 

being formed in a horuontal position. H. An incompletely filled cavity in a bed with a few degrees of 
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References are cited by author, date, and page Leith (1923: 236)]. 
The complete name of the author, the title of his work, and the date and 
place of publication are included in the Bibliography, which constitutes 
Chap. Vm. References there are arranged alphabetically by authors and 
chronologically under the author’s name and are numbered consecutively 
from 1 to 737. An Index to References precedes the list of anthers and 
indicates by number the chief references on the more important topics 
of the several chapters. 

Footnotes are used extensively. They contain information sup¬ 
plementary to the topic being discussed or appropriate comments con¬ 
cerning certain aspects of that topic and constitute an integral part of the 
general plan of presentation. 

An attempt has been made to give adequate illustrations for nearly all 
the features and structures mentioned. An unusually large number of 
sketches and photographs have been used for certain features that show 
many variations. Unless otherwise stated, all illustrations were prepared 
by the author. Illustrations borrowed from published works or furnished 
in the original are fully credited in the legend for the figure (also see 
Preface). 

Many features and structures are discussed in considerable detail, for 
it is hoped that this work will find its chief use in the field, and there, all too 
often, the geologist has no reference works available. The laboratory inves¬ 
tigator has not been forgotten, however; he will find a large bibliography 
in Chap. VIII and many lists of selected references throughout the text. 

3. Use of Bed, Layer, Stratum, and Lamina .'—Bed and layer will be 
used interchangeably in referring to any tabular body of rock lying in a 

* For a detailed discussion of bed, layer, stratum, lamina, and other similar terms, 
see Calkins (1941: 345-349). An excellent discussion of “Classification and Nomen¬ 
clature of Rock Units” has been published by a group of specialists (Ashley et al., 
1933, Bull. Geol. Soc. Am., 44:423-459; Bull. Am. Assoc. Petroleum Geologists, 17:843- 
868 , 1933, 23:1068-1098, 1939), and Tomlinson (1940; 2038-2046) has discussed the 
"Technique of Stratigraphic Nomenclature.” These two important articles provide 
useful guides to modern usage of stratigraphic nomenclature. 

initial dtp id. The amount of initial dtp ia the angle between the horizontal plane— i.e., the plane of 
composition—and the bedding. 1. A steeply tilted layer that had some initial dip as indicated by the 
slightly inclined orientation of the plane of composition with reference to bedding. The amount of 
initial dip id is the angle between the bedding and the plane of composition of the filling. The amount 
of tilting t is the angle between the present horizontal plane and the plane of composition, which was the 
original piano of horizontality at the time the bed was deposited. Total dip id b the angle between the 
horbontal piano and the bedding id + t. /.A partly filled cavity with convergent laminae showing 
that filling took place as the bed tilted. The total amount of tilting b represented by the angle r. (See 
Fig. 330.) K. Cavity in a steeply tilted bed that was partly filled after folding. L, Cavity in a steeply 
tilted bod that was partly filled with laminated material and later completely filled with crystallized 
material. 3f. Cavity in a steeply tilted bed completely filled with stratified material. N. Cavity in a 
tilted bed composed of a composite filling—stratified material below and massive above. Cavity fillings 
like those shown in K to N have no top and bottom significance, as the relation of their plane of compo¬ 
sition to bedding b indeterminable. 0, P. Diagrams showing the use of partly filled cavities in deter¬ 
mining the top or bottom of folded beds. A bed could be rotated through more than 180^, though such 
overturning b not common, and for tbb reason the situation b not included in the diagram See Figs. 
285 and 286, footnote 1 on page 2, and Arts. 1. 158, 174. 180, 182, 199, 217, 219, 266, 
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position essentially parallel to the surface or surfaces on or against which 
it was formed, whether these be a surface of weathering and erosion, 
planes of stratification, or inclined fractures. The body need not have 
been formed in a horizontal position, although generally its original posi¬ 
tion will have closely approached horizontality. Used in this broad 
sense, the terms apply to stratified and massive sedimentary rocks and 
their metamorphic derivatives, clastic dikes and the fillings of crevices, 
and tabular masses of igneous rock such as flows, sills, sheets, and dikes. 
The additional terms stratum and lamina will be used in discussing certain 
sedimentary and metamorphic rocks. Stratum will be used for a single 
bed, or layer, regardless of thickness; lamina, following the suggestion of 
Twenhofel (1932: G03), for a layer less than 10 to 12 mm. (0.5 in.) thick. 
A tabular body of igneous rock may be described as a bed or layer, but 
not as a stratum or lamina. 

4. Nature and Variations of Features.—All sorts of features, struc¬ 
tures, and relations are described and illustrated so as to provide the 
field geologist with a maximum number of criteria. Some have been 
recognized and used for a long time—so long, in fact, that there is uncer¬ 
tainty as to when they were discovered and first used. These have been 
mentioned repeatedly in published reports and will be considered fully 
in later chapters, especially with reference to their variations, limitations, 
and dependability. Others have been used without having been men¬ 
tioned in print. These will be duly considered. Finally, for one reason 
or another, certain of the features probably have never hitherto been 
thought of in connection with top and bottom determination. Their 
possible use deserves consideration. 

An attempt is made to describe and illustrate every feature fully 
enough so that it can be identified and tested in the field. It cannot be 
emphasized too strongly that the value of any top and bottom feature 
must be determined in the field or from carefully oriented specimens taken 
from actual outcrops and exposures (Art. 13). Until so tested, its 
limitations and reliability cannot be stated with certainty. 

Top and bottom features varj^ greatly in nature and importance and 
are widespread in occurrence. Few of them if taken alone can be relied 
upon completely; hence corroborative evidence should always be sought. 
For this reason many features that ordinarily should be omitted from a 
discussion such as this are included to meet the rare occasion when they 
naight corroborate an interpretation or conclusion based on another bit 
of evidence. No feature that might indicate the top or bottom of the 
rock in which it is present has been omitted intentionally. 

The investigator who attempts to use top and bottom criteria in the 
field or in the laboratory should be forewarned that certain factors 
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may limit or vitiate the usefulness and dependability of some features. 
Several comments are pertinent in this connection. 

The feature or structure that is going to be used should be well enough 
developed and clearly enough outlined or exposed so that there is no doubt 
of its reality or of the fact that the containing rock is in situ. 

The nature of the rock containing the feature should be determined 
with certainty to avoid erroi*s arising from misidentification {e.g., sills 
may be mistaken for flows or dikes, and a composite sill for a differentiated 
one, or vice versa). 

After a significant feature or structure has been found and conclusions 
drawn from it, it is always advisable to search for other examples 
of the same nature or for certain associated features that can be used for 
corroboration. 

6. Scale of Development of Features.—Inasmuch as some features 
show great range in the scale of development,^ one must be on the alert 
at all times for microscopic development on the one hand and macroscopic 
on the other. Attention to only one phase of development, with dis¬ 
regard of the other, is likely to produce an incomplete or even mis¬ 
leading solution. It should be obvious, therefore, that detailed local 
field work and general reconnaissance must go hand in hand with labora¬ 
tory investigations of carefully selected specimens taken in the field 
(Art. 13). In this way microscopic and macroscopic evidence can be 
intercorrelated. 

Most top and bottom features are visible to the unaided eye. Many, 
however, are also developed on a microscopic scale, and geologic litera¬ 
ture contains many references to these. A few such references are worth 
citing here. 

Collins (1925: 66 ff.) describes and illustrates Pre-Cambrian examples 
of graded bedding in laminae less than a millimeter thick, tiny fragments 
buried along bedding planes, and filled cracks visible only when magnified. 
Shenon and McConnel (1940: 438) report that in some of the Pre-Cam- 

* Cross-lamination is an example of a feature showing great range in the scale of 
development. It may be so minute that it is visible only in a thin section under 
microscopic magnification. At the other extreme, it may be developed on such a 
grand scale in great delta foresets that its very magnitude causes it to be overlooked 
entirely in a casual examination or, what is worse, to be mistaken for normal bedding 
which has been tilted (Fig. 19) [see Krynine (1937; 58) and Art. 11]. 

A second example worth citing is cyclic, or rhythmic, sedimentation. Individual 
laminae in a rhythmic sequence may be visible only in thin section. On the other 
hand, rhythmic bedding is easily visible to the unaided eye in typical varved sedi¬ 
ments and rocks; it is even more obvious in the graded bedding of sandstones, silt- 
stones, tuffs, and similar rocks; and in cyclothems and megacyclothems it is developed 
on such a grand scale as to escape cursory and localized observation. 
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brian Prichard beds of the Coeur d’Alene district in Idaho “ . . . the 
alternating black and white laminae are so thin that gradation cannot be 
recognized in hand specimens, but thin sections cut at right angles to the 
bedding often show enough gradation in grain size to determine which 
were originally the upper sides of the laminae.” Belyea and Scott 
(1935: 225-239) found many zones of tiny ripple marks, minutely devel¬ 
oped cross-lamination, and microscopic graded bedding in the rhythmi¬ 
cally bedded Halifax formation and used them as evidence that the 
5,000-m. Pre-Cambrian sequence was all deposited in relatively quiet, 
shallow water in a slowly sinking trough. Krynine (1940: 1-134) illus¬ 
trates microscopic cross-lamination, intraformational breccias, and 
compaction structures in the Upper Devonian Bradford sandstone of 
Pennsylvania and has informed the author in conversation that he has 
observed most of the common sedimentary features under the microscope. 

Among the igneous rocks Walker and Parsons (1922a: 13) report 
that “ . , . many sections [of basalt] show a well-marked amygdaloidal 
development on a microscopic scale.” Moore (1930: 137-139) found 
microscopic pillow structure in the matrix of normal ellipsoids. It is 
hardly necessary to mention the importance of thin sections in the many 
investigations of igneous rocks (see Chap. VI). Many of the features 
observed in these studies are reliable top and bottom criteria. 

Some of the most significant structures of metamorphosed rocks can 
be seen adequately only in thin section. Dale (1902:564) long ago 
illustrated part of a cleavage band in slate that shows 300 slip planes in 
25 mm. (1 in.) as well as the relation of these to bedding—a relation not 
readily visible to the unaided eye. Sander (1930:222-223) recently 
described and figured microscopic tension cracks in thin quartz layers 
and in many mineral grains. 

These examples, which could be multiplied if the discussion warranted, 
suffice to emphasize the fact that many useful top and bottom features 
are developed on a microscopic scale and that thin sections are necessary 
to detect them. The selection of oriented specimens from outcrops 
becomes a matter of critical importance if the specimens are to be used 

for microscopic work; hence a few suggestions on collecting are listed in 
Art. 13. 

6. Positions of Features and Structures in the Rock.—Both primary 
and secondary features can be used in determining the top and bottom of 
layered rocks. These may be confined to a single layer, they may involve 
a succession of beds, they may lie in a massive tabular body of igneous 
rock, or they may occur in massive rock bodies lacking any apparent 
bedding. Furthermore, they may lie on the upper- or undersurface of a 
layer or anywhere within it. Consequently, it is a wise practice to scru- 
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tinize all exposed bedding surfaces and especially natural sections (joints, 
cracks, etc.) transecting layers, for such sections commonly reveal useful 
internal structures as well as any unusual contact relations between beds. 

Many top and bottom features on the upper surface of a sedimentary 
bed or tabular igneous body record their presence by causing certain 
complementary structures to be formed in the basal materials of the 
overlying layer as they are deposited or emplaced or soon thereafter 
while they can still yield readily. Grabau (1924:715) emphasizes the 
importance of recognizing this relation as follows: 

The importance of discriminating between the original structure . . . and its 
reproduction in reverse, in the overlying stratum, will be appreciated when it is 
considered that strata often stand vertical, and are even overturned. The 
determination of the upper and lower surfaces of the strata may be the only 
means for recognizing the superposition of the strata of a region. In all cases, 
the surface on which the structure (ripple-mark, impression, etc.) was originally 
made is the upper surface of the stratum, while the surface having a reverse 
reproduction of the structure (raised footprint, mold of ripple-mark, etc.) is the 
lower surface of that stratum. 

There are also features on the undersurface of sedimentary layers 
that come into existence as a result of plastic deformation of the upper 
part of the underlying bed. These may form during or after deposition 
of the overlying sediment and usually are the result of differential loading 
or current scouring. They cannot form, however, unless the material 
of the underlying layer can yield plastically (Art. 102). 

Bedded rocks which have been folded and faulted and which stand 
at high angles with reference to their original horizontal position are 
commonly fractured or cleaved in such manner that it is rare to find an 
exposure which reveals either a bedding surface or a section approxi¬ 
mately perpendicular to the bedding. This cleavage is especially charac¬ 
teristic of slaty rocks. The external and internal features that are 
preserved usually present an unfamiliar or distorted appearance on the 
inclined cleavage surfaces. Consequently, it is necessary to visualize 
such features in three dimensions so that their true configuration and con¬ 
struction are understood regardless of the way in which the cleavage 
plane transects them. 

7. Determination of Stratification or Bedding.—It is not usually diffi¬ 
cult to determine stratification in sedimentary rocks and their altered 
equivalents or to detect the layered nature of tabular masses of igneous 
rocks {e.g., flows and sills) and their metamorphic derivatives. Deter¬ 
mining stratification may be difficult, however, if the rock is unusually 
massive or has been intensely sheared. Since the determination of 
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stratification or bedding is one of the initial steps in structural field work, 
it is appropriate to consider briefly the origin and nature of stratification 
and to suggest some relations that may be helpful in determining it. 

When the eye cannot detect stratification on freshly fractured sur¬ 
faces, it is ad\dsable to search for weathered and eroded surfaces. On 
these the forces of weathering and erosion have differentially etched the 
strata. The surface ^^^ll have a ribbed configuration with the more 
resistant layers protruding and the less resistant cut back into grooves. 
Resistance of a given rock to w'eathering and erosion is relative and varies 
with climatic conditions. A certain lithology may be quite resistant 
under one set of conditions and little resistant under another. 

8. Nature and Origin of Stratification. —Stratification is the 
most characteristic structural feature of sedimentary rocks. It is pro¬ 
duced by deposition of sediments in beds, layers, strata, laminae, lenses, 
wedges, and other essentially tabular units. It is due to many different 
causes—differences of texture, hardness, cohesion or cementation, color, 
mineralogical or lithological composition, and internal structure. 
Although it is the most apparent and widespread characteristic of sedi¬ 
mentary rock, no great amount of fundamental w ork seems to have been 
done on it. 

Shaler (1884:408-419) long ago ascribed separation planes and cer¬ 
tain types of layers to several phenomena produced during earthquakes. 
Andr6e (1915: 351-398) discusses bedding at some length, and McKee 
(1938: 684), pointing out how little is known about the mode of formation 
and environmental significance of stratification, summarizes the situation 
as follows: 

To the student of sedimentary rocks, one of the best illustrations of present- 
day limitations due to lack of recorded observations of the processes is in the 
field of original structures, especially those classified as beds or laminae. Such 
structures are frequently the most apparent features with which a geologist has 
to deal when studying sedimentary rocks, yet their significance, for the most part, 
must remain obscure or be interpreted on the basis of pure speculation simply 
because a record of modern counterparts has not been made. 

, , . the fact remains that today most bedding and lamination structures 
prove more puzzling than helpful to the geologist who endeavors to interpret the 
environment of their deposition. 

Thompson (1937:723-751) recently pointed the way toward a sys¬ 
tematic classification and analysis of bedding types and showed that 
there is an inviting field for additional work on the general problem of 
stratification. 

9. Detection of Stratification in Undeformed Rocks.— In the 
search for top and bottom criteria in thick bodies of sedimentary rock 
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that have no apparent bedding as a guide {e.g., thick limestones, con¬ 
glomerates, tillstones, marbles, and quartzit-es) and in massive bodies of 
igneous rock, determining the general bedding constitutes one possible 
attack on the problem. Once bedding has been found, attention can 
next be directed to the search for features indicating which direction is 
up or down in the rock mass. 

Careful examination of thick limestones often reveals thin stringers 
and layers of argillaceous material,* chert, or intraformational conglom¬ 
erates; thin zones of fossils or concretions, either of which may weather 



Kio. 2.—Conclornorat<> with two thin t)obhIr layors arul Roveral zones of in^hrioate hotildors. I'he 
iaycr« arul zone« define the strntifirafion in what is olfierwine a tna^nsive concloinerau*. The water 
flowed from ri^ht to left. The hanuner handle is 30 ern. (12 in.) lone. The j>hotocra|)li a view of a 
Miocene interflow basaltic gravel taken a few miles west of Longview. Wa.sh. (Arts. 9. 143.) 


out and leave tiny holes; inconspicuous algal layers; zones of penecon- 
temporaneous deformation; etc. Features of this sort are not usually 
apparent on fresh or dry surfaces but are apt to be rather well exhibited 
on weathered or wet surfaces. 

Exposures of massively bedded conglomerates may be so limited in 
size that stratification is not apparent. If this is so, the investigator has 
a double problem. Tic must first determine the .strike and dip (see Art. 
12) of the bedding before proceeding to the determination of top and 
bottom. For strike and dip determination, many inconspicuous features 
may be utilized. Thin stringers and layers of pebbles (Fig. 2), sand- 

* Prouty (1916: 115) reports that in certain Alabama marbles bedding is marked 
by thin layers of schist ranging in thickness from 2.5 to 5 cm. (1 to 2 in.). These 
probably represent mud.stone layers in the original limestone. 
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stone, or siltstone commonly lie in the midst of coarse conglomerate and 
mark the general stratification (Fig. 3). Imbrication of pebbles and 
boulders shows the general plane of bedding (Fig. 2), and Pettijohn 
(1930: 568-573) was able to use this primary sedimentary feature in 
working out the structure of certain Pre-Cambrian conglomerates (Art. 
143; Figs. 223, 224). Lenses of stratified or cross-laminated sand and 
pebbles may mark contemporaneous scouring and backfilling. Since 
these bodies are apt to be flat on top and convex downward, they can be 
used for top and bottom determination as well as for establishing the 
general plane of bedding. Internal features of the lens itself may prove 
similarly useful (e.g., cross-lamination and gradational bedding) (Fig. 3). 

Massive sandstones and quartzites 
are commonly devoid of obvious 
bedding. Thin layers of snale and 
zones of argillaceous pellets may inter¬ 
rupt the monotonous homogeneity of 
a massive sandstone; rows of pebbles 
or concretions may mark the stratifica¬ 
tion; and the horizontal disposition 
of mica flakes, when the rock is 
viewed in thin section, usually indi¬ 
cates general stratification.^ 

Caution must be exercised in inter¬ 
preting the orientation of mica 
flakes, however, for Woodworth (1901: 
281-283) found that a type of false 
bedding is produced by their accumu¬ 
lation on the advancing fronts of sand ripples (see Arts. 68 and 82 and 
Fig. 60). 

Argillaceous laminae commonly break the continuity of massive 
marbles (footnote, page 11) and salinastones (e.j., anhydrock), thus 
indicating the general plane of stratification. 

Ash and tuff deposits may be so massive as to lack obvious stratifica¬ 
tion but may contain mud pellets that are flattened in the plane of bed¬ 
ding. Allen and Nichols (1945: 25-33) recently reported such pellets in 
a water-laid Eocene tuff at Hobart Butte, Oregon (Fig. 388A). These 

1 In this connection Becker (1893: 54) commented as foUows; 

If a flat pebble or a mica flake is allowed to subside in relatively quiet water, the fluid 
may be considered as exerting a pressure on the lower side against a resistance due to the 
action of ^avity on the stone. The disc will then tend to assume a horixontal position. 
It 18 for this reason that allothigenetic mica scales in sandstones and other rocks usually 
follow the direction of the bedding. In massive sandstones thb is an assistance in deter- 
numng the true stratification* 



Fiq* 3.—Bedding features in a massive con* 
glomerate. A. General bedding ia marked 
by two 8cour-and-filI structures. B, A 
pebble layer like that shown in Fig, 2. C. A 
thin sand layer. Note that some of the sand 
filtered downward between the boulders. D. 
A mud streak or shale film. (Art. 9.) 
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pellets are believed to represent eroded fragments of thin mud-crack 
polygons. The tabular polygons were ripped loose from a mud-cracked 
surface, transported some distance, and finally strewn out more or less 
parallel to bedding as they came to rest. The pellets appear to have 
been somewhat plastic at the time of deposition as they give evidence of 
having been flattened to some extent by the weight of overlying sediments. 
Further support for this conclusion is afforded by the molding of some 
pellets over particles on the bottom. This molding of pellets over under¬ 
lying objects might be used in some cases to establish the top of the bed 
in which they lie. A somewhat comparable relationship is shown by 
accretionary lapilli in certain pyroclastic formations (see Art. 187 and 
Fig. 290B). 

10. Detection of Stratification in Metamorphosed and De¬ 
formed Rocks. —Most bedding features are destroyed during intense 
metamorphism, especially if there is extensive recrystallization. Like- 
wse, they are likely to be destroyed or made less obvious if the rock has 
been intensely deformed. Cleavage may be mistaken for bedding, par¬ 
ticularly in argillaceous rocks. The search for bedding, therefore, must 
be concentrated on those features of stratification which can persist 
through metamorphism and deformation. 

Thin layers of crumpled and distorted shale show general bedding in 
some marbles and salinastones, and algal layers commonly indicate 
original bedding in deformed salinastones. Shale partings are a common 
bedding feature preserved in deformed coal seams, and shale pebbles 
may indicate the general plane of stratification in folded sandstones 
(Art. 277; Fig. 388). Argillaceous layers alternating with thick sand¬ 
stone beds usually develop conspicuous slaty cleavage during folding 
(Fig. 4). Original bedding in argillaceous rocks may be so obscured by 
cleavage that only faint traces of stratification remain. Dale (1896: 
559-560) describes and illustrates some of these traces as follows: 

Wherever bedding is obscured by cleavage one of the first things to be done 
is to distinguish, if possible, the bedding by tracing out the continuity of some 
minute line of sedimentary grains [Dale (1893:322-323); Figs, 28, 29, 311. 
When the sediment is homogeneous, this becomes impossible. In the Cambrian- 
Silurian shales and slates of Washington County, N.Y., lines of holes occur now 
and then on transverse joint faces [Figs. hA , B, C]. Upon a closer inspection these 
are found to be due to a very slight calcareousness of the shale along certain 
bedding planes. Weathering attacks these planes more readily, but at irregular 
intervals, and the effect is as though small limestone pebbles had been dissolved 
out. Again, sometimes, in weathering, a slight parting in the stratification is 
sufficient to arrest vertical erosion for a time and expose the actual surface of a 
stratum, even where the cleavage foliation is the dominant one [Fig. 5D]. 
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In [Fig. 6A] is shown a plicated bed of limestone in a mass of shale. In deter¬ 
mining the dip of such a mass neither the dip of the cleavage nor that of the 



Fio. 4. Vertical i>laty cleavaee in a red shale layer in coarse-grained Rensselaer sandstone as seen in a 
ledge at Grafton. N.Y. The cleavage is developed in only the thicker shale layer and does not extend 
into the grit. Arrows indicate direction of relative movement. (Art. 10.) [Adapted from Dale, 1896, 
U.S. Geol Survey Ann. RepL, 16 (1): 560, Fig. 86.] 

separate Umbs of the step-like folds of the limestone should be taken, but the 
general course of the limestone bed. 

Van Hise (1896: 718) has described and illustrated how pebble beds 

in slates, even though intensely 
fractured, still indicate the plane 
of bedding (Fig. 7), for more in¬ 
tense deformation is required to 
destroy pebbles than to granulate 
the smaller particles. In such 
beds the pebbles tend to be rotated, 
so that their longer dimensions 
line up with the cleavage, but the 
pebble zones themselves maintain 
their original relative positions. 

11. False Stratification.— 
Thick and extensive deltaic con¬ 
glomerates and sandstones may 
exhibit cross-lamination on such a 
grand scale that it will be mis¬ 
taken for true bedding. By such 
a mistake the conditions of deposition are not recognized, the true 
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Fxo. 6.—Diagrams showing faint traces of bedding 
in highly cleaved early Paleozoic shales of Washing¬ 
ton County, New York. A. B,C. Bedding which b 
flat, though somewhat crumpled in B and C, b 
indicated by lines of small holes produced by differ^ 
cntial etching of calcareous zones in the shale. It 
should be noted in C that the cleavage does not cut 
across the prominent thin calcareous layer. D, 
Bedding is shown by an uneven surface, which is 
continuous with a delicate parting in the stratifica¬ 
tion. (Art. 10.) lAJter Dale, 1896. U.S. QuA. 
Survey Ann. Rept., 16 (1): 559, Fig. 84.) 
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structure of the deposit is missed, and the thickness assigned to 
the sequence is likely to be grossly exaggerated. An excellent example 
of this error is illustrated by the Permian Nugush red-bed sequence 


s 

. o 


wa 







A g 

Diagram of a highly cleaved shale with two thin drag-folded limcstonp Inv»rv Tb i j i 

of central Russia, which, according to an abstract by Krynine (1937- 58) 

of a recent paper by Pustovalov (1937: 963-9G4), consists of the foresets 
of a great Permian delta. Previous to 

Pustovalov's investigations the se¬ 
quence of inclined beds had been 
assigned a thickness of 7,500 m. 

(24,600 ft.) on the assumption that it 
represented a monoclinal succession. 

The measurements were made along a 
continuous line of outcrops showing 
what appeared to be a single monocline. 

Pustovalov proved by geophysical 
methods that the apparent “geologic” Fm r—ii u, j , 
thickness of the deltaic blanket, if au traccrof Sdhig^ave 

measured vertically, was actually only crusM^Sl “S 
1,200 m. (3,940 ft.) as compared with 

the previous estimate of 7,500 m. I menaions lle paralld to the secondary cross 

It is of critical importance, there- maintain their oriid*naf rdaSl^’ Xaions’ 
fore, that some areal geology be done Zl.'uarnk Z 

on any deposit suspected of being a 

delta in order to avoid the errors just mentioned [see Darrell (1912' 
377-446)). 
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Some early American geologists, strongly prejudiced by views of the 
“authorities” of the times, mistook steep and vertical dips produced by 
folding for gigantic cross-bedding, being led to the mistake because there 
was no previous record of deformation in the area. A case in point is the 
complex of steeply dipping and vertical Ordovician strata near Kentland, 
Ind., which Collett (1883: 58) believed was due to “ . . . either serious 
dislocations or deposition under circumstances which gave origin to the 
most pronounced false bedding.” [Also see Orton (1889) and Shrock 
(1937:473-480).] 

The quaquaversal initial dips on the peripheries of ancient bioherms 
[Cumings and Shrock (1928:599; 1928a: 140-156)] and around buried 
hills [Powers (1922:233-259) and Bridge and Dake (1929:93-99)] 
commonly reach or exceed 30°. Strata with such dips might well be 
mistaken for gigantic foresets if seen only in limited exposures. 

An instructive example of pseudostratification is described by 

Louderback (1912:21-31) from Santa Barbara County, California. 

Here, in a moderately dissected terrane sculptured out of massive friable 

Tertiary sandstone, a subsurface layer of cemented rock has formed 

parallel to the surface slope, especially on the sides of stream cuts and at 

the shoulders of canyons. This layer, which is firmly cemented with 

opaline silica, ranges in thickness from less than to slightly more than a 

meter (2 to 5 ft.) and lies on an average of about a meter (1 to 5 ft.) below 

the surface, being overlain and underlain by friable sand similar to that 

of which it is composed. Its formation is considered analogous to that 
of the familiar hardpan in soils. 

Since the pseudostrata roughly parallel the hill slopes, in a cross sec¬ 
tion of a hilly area they would have the appearance of being folded if 
structural determinations were confined to the upper few meters, and they 
might be interpreted as original bedding. This mistake could easily be 

made for the sandstone generally lacks the usual features indicating 
stratification. Louderback (1912: 25) states: 


A test area of about two square miles, where the only exposures appeared to 
be those of pseudostratificat.on, was worked over, and it was found that on the 
careful examination of the deeper slides and washes, and particularly of a series of 
excavations a comistent group of observations could be obtained determining 
0 ginal stratification and the attitude of the original beds. It showed a 

rsirioH T T ^ '•f pseudostrata gave con- 

heW n.dtl Tr “ I"*''*”® pseudoanticline), the axis of the syncline 
being quite a distance south of the axis of the pseudoanticline. 


Pseudostrata or surficial incrustations of the type just described are 
to be expected in dner areas where surficial debris can become firmly 
cemented with caliche and similar substances. 
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Care must be exercised in examining cores of soft sedimentary rocks 
{e.g., mudstones and claystones) because of the tendency for false bedding 
to develop transverse to the core during drilling. Bramlette (1928; 
1167-1169) cites an instructive example of this misleading phenomenon. 
As the core broke into cylindrical sections, drilling mud mixed with pul¬ 
verized formation was forced into the rather regularly spaced horizontal 
partings. As the core came from the core barrel, it seemed to have well- 
developed stratification in a horizontal plane. Actually the true stratifi- 




v\« 
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Honzonfa! plane of surface 







Fiq. 8.—Diagrams illustrating use of dip (angle of inclination of a layer measured from the horizontal 
plane; d - angle of dip) and /acc (the original top surface of a layer). A, AK Syncline with beds facing 
inward and anticline with beds facing outward; in both folds the beds face in the same direction as they 
dip. B. Bi. Isoclinal syncline and anticline, respectively, with beds vertical. Dip may be measured 
on either side of the bed. C. C‘. Overturned syncline and anticline, respectively. In each fold the 
steeper bed IS overturned and faces in a direction opposite the dip. whereas the more gently inclined bed 
is merely tilted and faces with the dip. In all the folds diagramed, top and bottom features are needed 
to determine which surface of a layer is the face. (Art. 12.) 


cation might well have been inclined and yet have been overlooked because 
of the more obvious false bedding. 

From the examples just cited, it is obvious that determination of true 
bedding in sedimentary rocks is more than merely noting the attitude of 
the stratification. It must be demonstrated that the strata were 
deposited on a horizontal or gently inclined surface in the same way in 
which layers are added to a cake and that they were not deposited as 
fairly steeply inclined layers resting against some rigid mass—an arrange¬ 
ment such as that in a row of inclined books on a partly filled shelf—or as 
surface incrustations. In the first example true verticality is essentially 
perpendicular to stratification; in the latter examples it is not. 

12. Definition of Dip and Face.—Two terms will be used in describing 
the inclination and surface of beds, layers, and other tabular masses. 
Dip refers to the angle of inclination of a layer with reference to the 
horizontal plane and has no other connotation (Fig. 8). Face, or facing, 
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refers to the original upper surface of a layer [see Cooke et al. (1931: 
50-51J]. If a bed dips 20'' to the east and is right side up, it faces east; 
if vertical with top toward the east, it also faces east; if dipping west at 
an angle of 45°, but overturned, it still faces east. This usage has been 
adopted to avoid the confusion commonly arising over whether dip means 
merely inclination with reference to the horizontal, in which case it does 
not exceed 90°, or the angle, measured from the horizontal, through 
which the top surface of a bed has been rotated. In the latter usage, the 
angle of dip may range between 0 and 180°, or even more in unusual 
structures. 

13. Collection of Field Specimens.—The need for carefully oriented 
field specimens is discussed in Art. 4. Such specimens are most useful 
when taken from thick masses of uniform lithology that lack obvious 
megascopic features. Keen obseiwation and careful examination should 
be practiced in collecting rock specimens for laboratoiy study. Detailed 
instructions for selecting oriented specimens are given by Fairbairn 
(1942: lOG) and with his kind permission are partly quoted in the foot¬ 
note below.^ Full notes on the exposure should always be written on the 
spot. Bedding should be determined and the direction of any suspected 
or obvious lineation should be recorded; strike, and direction and degree 
of inclination, are valuable data and should be indicated on the specimen 
with ink, paint, or colored pencil. If time and skill peimit, it is a good 

^The first step in petrofabric analysis, as in any geological investigation, is the 
selection of material to be used. The amount and kind of material collected in the 
field depends on the experience of the collector and the problem to be studied. In 
general it is better to collect too much than too little. Specimens may be taken with 
the object of studying in detail some special feature of mineral orientation, or for the 
purpose of obtaining a general picture of the regional orientation. In the latter case 
it is necessary to mark the specimen so that its field orientation can be reproduced in 

the laboratory. This is done as follows:-Select a place on the outcrop and break off 

a piece of suitable size. Before attempting to trim it, fit it back into place. Then 
determine the strike of a foliation, bedding, or joint surface present in the specimen, 
and, holding the compass in the strike direction, mark this direction on the specimen, 
using the straight edge of the compass as a guide. (The Brunton model is especially 
useful for this work.) A colored pencil is convenient if the specimen surface is suffi¬ 
ciently dry and smooth; otherwise a dental pick or sharpened nail is preferable. Mark 
the dip at right angles to this line, using suitable symbojs to denote an overturned or 
vertical dip surface. The geographic directions are thus established permanently 
for the specimen and may later be reproduced and correlated with fabric directions. 
In the laboratory it is advisable to mark the strike, dip, and specimen number with 
waterproof ink or wito paint. 

In the usual case where lineation occurs, a record of its strike and pitch should be 
made. This may be done in three ways—1. By approximate compass measurement 
of the strike, and estimation of the dip. 2. By compass measurements and use of a 
Schmidt net. 3. By use of a universal clinometer and an accompanying graph. 
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practice to sketch the entire exposure in three dimensions, indicating 
exactly how the specimen fitted into the exposure. 

Any gross lineaments of structure not apparent in small samples 
should be indicated on the specimen, for it often happens that an 
unmarked specimen, taken to illustrate some gross feature, later proves 
valueless because the collector has forgotten why he selected it. 

It is always poor practice to trust the memory in reconstructing an 

observed feature. Recollection has a perverse way of bringing back an 

uncertain picture; notes and sketches made on the spot are much more 
reliable. 

14. Sources of Information. Certain top and bottom features have 
been used so long by geologists that only the most painstaking and 
exhaustive bibliographic research would establish who first recognized 
their significance or employed them for structural determination. Many 
othere have been discovered in recent years. Most of these have been 
described and illustrated. Still others have been discovered and used 
A\ndely without any published announcement. No attempt has here been 
made to search out the earliest reference to the use of any feature, though 
examples are cited that have come to the author’s attention. It has 
seemed preferable to follow the general policy of citing and quoting 

from the more recently published works in which the features are 
described and illustrated. 

Many of the features and structures considered in this work have 
undoubtedly been described in languages other than English {e.g., Nor¬ 
wegian, Swedish, French, German, and Russian), but the author does not 
have the linguistic facility, nor has he had the time that would have been 
necessary, to make the laborious bibliographic search for such descrip¬ 
tions. He believes, however, that the literature cited represents suffi¬ 
ciently complete coverage of the general subject of top and bottom criteria 

so that the work does not suffer unduly from the lack of the additional 
citations. 

Only a few articles in English deal at any length with the specific 
thesis of the present work. Cox and Bake (1916: 1-59) seem to have 
been the first American geologists to call particular attention to the top 
and bottom significance of certain primary sedimentary and igneous rock 
features and secondary metamorphic structures. They cite a few exam¬ 
ples of earlier use of some of the criteria. Their important contribution 
has been almost universally overlooked so that reference to it in modern 
textbooks and articles is rare. Burling (1917:208) and Belyea (1935: 
15^155) published provocative abstracts, but neither appears to have 
written an 3 rihing further on the subject. Steam (1934: 146-156) 
describes a few minor primary sedimentary features that he used in 
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working out the structure of vertical and steeply inclined clastic strata 
at the Parnell Hill quicksilver mine in southwestern Arkansas. The 
features he describes are of special interest because they occur in strata 
that lack such common features as cross-lamination, ripple-mark, and 
gradational bedding. In the most recent article seen, Shenon and 
McConnel (1940; 430-444) discuss how they used ripple-mark, cross- 
'amination, mud cracks, textural gradation, and cleavage to determine 
whether or not steeply dipping beds were overturned in the Belt series 
)f the Coeur d’Alene district of Idaho. 

The excellent reports on the Pre-Cambrian rocks of the Canadian 
Shield by Collins (1925), Cooke, James, and Mawdsley (1931), Gunning 
and Ambrose (1940), Gruner (1941), and others who are mentioned 
later contain many descriptions and illustrations of features and stnjc- 
tures that proved useful. A thorough examination of Canadian geologic 
literature, especially that concerning the Pre-Cambrian, would yield 
many additional references not included in this work. 

Much interest in top and bottom features was aroused in Scotland 
about 16 years ago when the discovery and interpretation of cross-lamina¬ 
tion and graded bedding in a great sedimentary sequence, long con¬ 
sidered to be lying right side up, showed that in actuality the section was 
overturned. An account of this interesting episode, in which American 
and Canadian geologists were instrumental in applying the criteria, is 
fully recorded by Bailey (1930; 77-92), who not only inspired papers by 
Tanton (1930: 73-76) and Vogt (1930: 68-73) but also enthusiastically 
went about teaching his colleagues [see Bailey (1930: 77-92; 1934: 462- 
525; 1936: 1713-1726)], thereby developing the so-called “Glasgow 

School," whose members are known for their application of top and 
bottom criteria. 

Most authors of textbooks on structural geology and sedimentation 

emphasize the importance of certain features and structures as top and 

bottom cnteria but seldom discuss them in detail. Older textbooks 

usually dismiss the subject after referring to a few of the more common 

sedimentary features. More recent books, however, contain fuller 

^scussions [see especially Grabau (1924), Twenhofel et al. (1932), and 

Billings (1942)]. The interested reader is referred to the following list 

of textbooks and articles that contain information of differing degrees of 

detail about sigmficant top and bottom features (the table following the 

list furmshes a ready means of finding a specific subject in the more impor¬ 
tant works): 


Verlagsbuehhandlung 

Bti.mngs, M. P., 1942, "Structural Geology,” Prentice-Hall, Inc., Nev7 York. 
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Branson, E. B., and W . A. Tarr, 1941, “Introduction to Geology,” 
Hill Book Company, Inc., New York. 


2d ed., McGraw- 


Emmons, W . H., G. A. Thiel, C. R. Stauffer, and I. S. Allison, 1939, “Geology ” 
2d ed., McGraw-Hill Book Company, Inc., New York. 

Forrester, J. D., 1946, “Principles of Field and Mining Geology',” John lA'iley & 
Sons, Inc., New York. ' 

Geikie, J., R. Campbell, and R. M. Craig, 1940, “Structural and Field Geology for 
Students of Pure and Applied Science,’' Oliver and Boyd, Edinburgh and London. 

Grabau, a. \V., 1924, “Principles of Stratigraphy,” 2d ed., A. G. Seiler, New York. 

Grout, F. F., 1932, “Petrography and Petrology,” McGraw-Hill Book Company 
Inc., New York, ’ 

Hills, E. S., 1940, “Outlines of Structural Geolog,y,” Methuen & Co., Ltd., London. 

Keilhack, K., 1921, “Lehrbuch der praktischen Geologic,” Vol. I F Enke 
Stuttgart. ’ ’ 

Lahee, F. H., 1941, “Field Geology,” 4th ed. rev., McGraw-Hill Book Company 
Inc., New York. ’ 

Leith, C. K., 1923, “Structural Geology,” rev. ed., Henry Holt and Company Inc 
New York. •» 


Longwell, C. R., a. Knopf, and R. F. Flint, 1939, “A Textbook of Geology,” Pt. I 

Physical Geology, 2d ed. rev., John Wiley & Sons, Inc., New York. 

Milner, H. B., 1940, “Sedimentary Petrography,” 3d ed., Thomas Murby and Co 
London. ’ 


Nbvin, C. M., 1942, “Principles of Structural Geology,” 3d ed., John Wiley & Sons 
Inc., New York. ’ 

SoRBY, H. C., 1908, On the application of quantitative methods to the study of the 
structure and history of rocks, Geol. Soc. London Quart. Jour 64 • 171-233 

Stoces, B., and C. H. White, 1935, “Structural Geology,” D. Van Nostrand Com¬ 
pany, Inc., London. 

Twenhofel, W. H., and collaborators, 1932, “Treatise on Sedimentation,” 2d ed. 
rev.. The Williams & Wilkins Company, Baltimore. 

Twenhofel, W. H., 1939, “Principles of Sedimentation,” McGraw-Hill Book Com¬ 
pany, Inc., New York. 

Van Hise, C. U., 1896, Principles of North American Pre-Cambrian geology U S 

(?eo/. Purvey Ann. Rep/., 16(1): 571-843. ’ 

Willis, B., and R. Willis, 1934, “Geologic Structures,” 3d ed. rev., McGraw-Hill 
Book Company, Inc., New York. 


In addition to the foregoing list, there have appeared in recent years 
an appreciable number of papers devoted to detailed description and 
illustration of a broad range of sedimentary features in ancient rocks. 
The following references, selected at random, are typical of this reju¬ 
venated interest in sedimentary rocks. 


Bucher W. H., 1938, Key to papers published by an Institute for the study of 
modern sediments in shallow seas [largely German articles), Jotir. Geology 46: 
726-755. ’ 

Collins, W. H., 1925, North Shore of Lake Huron, Geol. Survey Canada Mem 

143: 1-160. ^ 

Fenton, C. L., and M. A. Fenton, 1937, Belt Series of the North: stratigraphy, 
sedimentation, paleontology. Bull. Geol. Soc. Am.y 48:1873-1970, 
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1916 


Stratification and superpwiticn 
Cyclic sedimentation. 


Unconformity and conglomerates 72-74, 30. 31 
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1946 
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Grout 
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254,260 72 
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278. 323, 
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115. 116 . 261.342- 

344 


277-278. 31. 32.72 112. 113. 

364-367 183-183. 

287. 288 


785. 821- 
826.1132 


Hippie-mark. 69-71 7-26 

InorKunically produced relief fraturcs 75 31,32 

Organically produced relief ftnitun-s 75 32 

Shrinkage cracks—mgdcracks. etc . 74 37-50 

Croes-Iatnination. 71-72 26-30 


257-258 67 

148. 258- 70, 71 
259 


70 

256-257 1 66 


63.64. 68 

154, 254- 
255 


117,118 219. 429 278-280. 

712-713 324 

118-120 703-709. 325 
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856-857 

119 604.861, 325 

1124 

92,113, 530,709 - 318-324 

114 710. 776- 

779. 883- 
886 

. 429.570- 278.279. 

578.590. 324 

701-706 


Penecontcmporancous doformatioii 72-74 , 97, 30 350-351 33-35 

98 


Buried fossils and organic structures 67 


33-35 


283-2H4 70 


529-531, 
657-661, 
756-759, 
776-785 
375.385- 
449.514- 
519 


Igneous intrusion. 316-318 

Differentiation. 269,270 

PyToclastic deposits.. 


Lava flows 


75.76. 52 

313-315 


Sills and dikes. 269-270 


Folds and drag folds.I 7 i- 8 i 


Fracture and flow cleavage. 223-233 1 52-59 


Metamorphism 


303-309 

320 

314-315 


294,311- 69 

315 


303-309. 

311 


343-349. 57-64 

351-352 


390-395 


384-400 



309-311 


135-136. 

231-257 


311-320, 32.93-95, 

868 482 


84. 225- 769. 793- 428, 429 

227. 295, 795, 819- 

296 820 


746-755 
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Hadding, a., 1929, The pre-Quaternary sedimentary rocks of Sweden, Lunds i'niv. 
krsskrift, N.F. Avd. 2, 26(3): 1-287. 

Krynine, P. D., 1940, Petrology and genesis of the Third Bradford Sand, Bull. Penn. 

State Coll. Min. Indus. Exper. Sta., 29: 1-134. 

McKee, E. D., 1945, Cambrian historj’ of the Grand Canyon region, Carnegie Inst. 
IVas/tmj/fon Pub., 663(1): 1-168. 

Pettijohn, F. J., 1943, Archean sedimentation. Bull. Geol. Soc. A m., 64: 925-972. 
Stockdale, P. B., 1931, The Borden (Knobstone) rocks of southern Indiana, Indiana 
Dept. Cons., Div. Geology, Pub., 98: 1-330. 

-, 1939, Lower Mississippian rocks of the East-Central interior, Geol. Soc. Am. 

Special Paper, 22; 1—248. 

Wanless, H. R., 1939, Pennsylvanian correlations in the Eastern interior and Appala¬ 
chian coal fields, Geol. Soc. Am. Special Paper, 17: 1-130. 

-, 1946, Pennsylvanian geology of a part of the Southern Appalachian coal field, 

Geol. Soc. Am. Mem., 13: 1—162. 

16. General Summary.—In years to come, as areas of relatively little 
known geology become more carefully surveyed, geologists will be forced 
to spend more and more time on smaller and smaller areas—a situation 
that has long existed in Great Britain.* In such intensive work the 
investigator has to take more careful note of minor features in rocks of 
every kind. It is hoped that the present work may be of help in the quest 
for both major and minor features. 

Rocks are like the old-fashioned newspaper and magazine “face 
puzzles in that the longer one studies them, with some idea of what to 
look for, the more becomes apparent. It has often been the experience 
of the author, after having seen and interpreted a certain feature in a 
rock for the first time, to see the same feature repeatedly in rocks where 
it had been overlooked in previous examinations. 

It is never enough merely to recognize and describe interesting and 
significant features in rocks. The real value of these features has been 
realized only when they have been interpreted, for it is by interpretation 
that past conditions can be reconstructed and modes of formation deter¬ 
mined. Reconstruction, in turn, requires an understanding of how and 
under what conditions a given feature was formed and leads to proper 
evaluation of that feature ^^ith reference to its reliabiUty as a top and bot¬ 
tom criterion. He is a well-trained geologist indeed who knows which 
features of a rock can be used with confidence in determining tops and 
bottoms and Avhich cannot be relied upon for this purpose. 

> The author keenly regrets that he has not been able to make a thorough search of 

British and continental geologic literature for descriptions and illustrations of top and 

bottom features. That many such descriptions exist is obvious from the few references 
cited m the present work. 



CHAPTER II 
GROSS RELATIONSHIPS 

The broader stratigraphic, structural, and intrusive relationships of 
rocks and the successions of faunas and floras that the rocks contain 
have long been recognized and used by geologists the world over as a 
means of determining the order of stratigraphic succession and of geologic 
events. They are reviewed here to reemphasize the important role they 
have played in the gradual elucidation of the grander events of earth 
history. Recognition of the significance of these relationships has made 
It possible to determine the major divisions of geologic time and to con¬ 
struct a geologic column for the entire world. They are the indispensable 
and only means by which order of geologic events can be determined in an 
unexplored terrane. It is not until these events and maj or time divisions 
have been determined that the geological investigator can work out the 
many minor stratigraphic and stnictural features and correlate events 
and stratigraphic succession with those of neighboring regions. 

The gross relationships discussed in this chapter are 

1. Superposition or Undisturbed Stratigraphic {Lithologic) Succession. 
In a flat-lying, undisturbed sequence of stratified or layered rocks, the 
order of succession is Rom younger at the top to older at the bottom. 

2. Faunal Succession. Upon acceptance of the principle of organic 

evolution, it follows that in a continuous sequence of fossiliferous strata 

the more highly developed plants or animals in a biological group lie 

stratigraphically above the simpler, less specialized forms of the same 
group. 

3. Unconformity. Unconformity is that relationship between juxta¬ 
posed bodies of rock which indicates that one body, the older, was eroded 
before the other body, the younger, was deposited on the eroded surface 
It therefore represents a lost record. In sedimentary rocks the record 
may have been lost because of nondeposition, or it may have been 
destroyed by erosion. In igneous sequences unconformities commonly 

indicate intervals of weathering and erosion between successive lava 
flows and ash falls. 

4. Intrusion. Any rock mass that has been intruded by molten 
material is older than the intruding fluid. Likewise, any rock or sedi¬ 
mentary surface buried beneath lava or pyroclastics is older than the 
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volcanic material, hence lies beneath it so far as original position is 
concerned. 

5. Comparative Deformation} In a sequence of rock units having 
different degrees of deformation, the part exhibiting the most intense 
deformation is the oldest, whereas the least disturbed rocks are the 
youngest. 

If the intensity of deformation varies in degree laterally rather than 
across a rock unit or sequence, it probably has no significance with refer¬ 
ence to order of succession. 

6. Comparative Metamorphism} In a sequence of rocks exhibiting 
different degrees of metamorphism, in a direction transverse to the general 
plane of bedding, or layering, the part of the sequence showing the more 



Fio. 9.—DiaKTammatic cross section of a basin of deposition bounded on one side by a shore and on the 
Other by a rnountaiQ range. By determining original order of succession (superposition) in the essen¬ 
tially undisturMd part of the basin—natural outcrops* artificial exposures, iiune*shaft sections, well 
cores and cuttings, etc., being med for tliU purpose—the geologic column of the basin can be con¬ 
structed and then applied where strata are steeply inclined. This Ulustrates how the principle of 
superposition can be applied, (Art. 16.) 

intense alteration, similar lithology being considered, is judged to be the 
older, hence to lie lower in order of succession. 

If the degree of metamorphisra varies laterally in the general plane of 

bedding, it is likely that the variation has no significance with reference to 
order of succession. 

It should be emphasized that there are important exceptions to the 
generalizations stated above. Certain of these exceptions, important for 
our present purpose, are discussed in later sections. 

16. Superposition or Undisturbed Stratigraphic (Lithologic) Succes¬ 
sion. The first students of geology observed that sedimentary rocks are 
characterized by distinct beds, or layers, and they soon discovered that 
the top strata in a sequence of undisturbed flat-lying sedimentary rocks 

> Deformation as here used refers to the mechanicaUy produced structures asso¬ 
ciated with folding and faulting; compositional change is negligible. 

Metamorphism as we shall use the term embraces the secondary structures and 
comiwsitional changes produced by the combined action of pressure, temperature, and 
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were the youngest, or most recent, whereas the basal strata of the same 
sequence were the oldest. 

This principle, though old and elementary, is still widely employed in 
many kinds of stratigraphic work, as demonstrated by the extensive use of 
columnar sections. In a new area (such as a ihining district or an oil 
field), the complete geologic column must first be constructed by piecing 
together all available sections of the region. Thereafter it is possible to 
locate any isolated section in the general succession by identifying the 
sequence of lithologic units. A good example is that illustrated in Fjg. 9. 
The complete column is determined from cores or cuttings that have been 
taken from wells penetrating the subsurface succession or from scattered 
exposures along valleys trenching the terrane. With the complete column 
as a reference, it is possible to determine the order of succession in neigh¬ 
boring mountainous regions where the same strata have been folded and 
faulted. 

It is true that an occasional bed or sequence of beds may be present 
in one area and absent in another, but the general lithologic succession is 
likely to be consistent. It is like\\ise true that some beds change litho¬ 
logically from the central part of a basin toward the periphery or from 
the deeper water part of an aqueous environment to the shallow water and 
shore areas. This variation in lithology is to be expected and should 
occasion no difficulty if the investigator recognizes the general principle of 
lithologic facies in sedimentary rocks (Figs. 10 and 11). 

The principle of superposition is invalid in those regions where 
sedimentary sequences have been inverted by recumbent folding and 
overthrust faulting. The inverted position of the strata will have to be 
determined by features in the beds themselves if regional relations do not 
suggest the structural complications. Inverted sequences are exposed 
in the Alps and Scottish Highlands, and the author has seen a similar 
sequence in the Mississippian siltstones along the Southwest Mabou 
River in Cape Breton Island, Nova Scotia. In the last cited example the 
siltstones show little metamorphism and only a suggestion of cleavage— 
strongly indicating deformation while they were still plastic (Fig. 12). 

It should be evident, therefore, that a sequence of strata is not neces¬ 
sarily right side up because it is flat-lying or but slightly inclined. The 
investigator should always be certain that he is dealing with undisturbed 
rocks before basing conclusions on superposition per se. Once superposi¬ 
tion has been established, however, similarity in lithologic succession 
becomes an important basis lor correlation. As already stated, this 
means of correlating disturbed unfossiliferous strata has found world¬ 
wide usage. 

An important aspect of the principle of superposition is the rhythmic 
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nature of some sequences of rocks, in which a certain order of lithology 
or texture is repeated many times in a single section or in a basin of 
deposition. The cycle may concern single bipartite laminae of almost 
microscopic magnitude (e.g., varves and graded beds) on the one hand or 
sections containing many different units (e.g., cyclothems and mega- 



Fiq. 11.—Diagram illustrating how columnar sections can be used to work out lithologic facies changes 
ill a sedimentary sequence. (Art. 16.) 

cyclothems) on the other. If the cyclic nature of a sequence of rocks 
can be established, the order of units in an individual cycle then becomes a 
criterion of top or bottom in that sequence. 

Broderick (1935: 553-554) points out that the Pre-Cambrian Kewee- 
nawan lava flows of Michigan seem to show a succession of flow cycles 



Fio. 12.—Overturned mudstone and siltatone of the Mississtppian Windsor scries along the Southwest 
Mabou River, Cape Breton Island. Nova Scotia. These beds were folded and faulted while soft and 
hence no cleavage developed, but the rock is closely jointed. The nature of the regional structure is 
Khown in the inset. The gently inclined in%*erted layers lie in the under part of an overturned fold| 
which probably rests on a thrust-fault plane. Sedimentary features in thin intercalated limestone layers 
of the shale sequence reveal the true order of succession and prove that the beds are overturned. (Art. 
16.) 

in which a specific type of lava precedes or follows another type. It is not 
known, however, whether such cyclic extrusion is common or rare, but 
certainly the possibility of its occurrence should be kept in mind. An 
unusual cyclic sequence of lava flows alternating with glacial till is 
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reported by Atwood (1933:214) from the rim rocks of Crater Lake, 
Oregon. Gruner (1941: 1608) describes a pyroclastic section of the Pre- 
Cambrian Kekekabi formation of Minnesota that consists of a rhythmic 
alternation of tuffs and slates in layers averaging less than 40 cm. (16 in.) 
thick. 

Barrel! (1917:745-904), in one of his classic papers, considered 
geologic rhythms at length and called attention to some of the grander 
sequences of sedimentary rocks showing cyclic sedimentation. For our 
present purpose it is necessary to consider only those aspects of rhythmic 
deposition which are of significance in top and bottom determination. 

17. Successions Showing Cyclic Deposition. —Cyclic deposition 
of sediments produces a characteristic lithologic or textural sequence that 
is repeated many times in the stratigraphic column of a depositional basin 
or in a single section. This kind of sedimentation has been recognized in 
many parts of the world and in stratigraphic successions of widely different 
ages. 

Apparently the grandest development is the sequence of conglomerate, 
sandstone, shale, and limestone that has so often been set forth in geologic 
literature as the typical geosynclinal succession [Grout (1932: 342-344)]. 
Rhythmic sandstone-shale sequences are known from widely separated 
regions, and the order of appearance of each unit in a cycle may be used 
to determine the top or bottom of the sequence (Art. 18). The remark¬ 
able cycles of Pennsylvanian sedimentation which produced character¬ 
istic sequences of sandstone, shale, underclay, coal, etc., and for which 
Weller [in Wanless and Weller (1932: 1003)] proposed the term cyclothem, 
represent a complicated sedimentational sequence in a coal basin (Art. 
19). Inasmuch as a cyclothem consists of a more or less constant 
sequence of lithologic units, an observer, noting the order in which the 
several units appear in a section of steeply inclined rocks, can determine 
whether he is ascending or descending in the section. This criterion 
becomes useful in regions where coal-bearing strata are intensely folded 
(see statement relevant to this point in Wanless’s letter quoted in Art. 19). 

The examples thus far cited are of sequences involving formations or 
groups of formations. There is a second type of sequence resulting from 
cyclic deposition that is exhibited in pairs of beds or in a single bipartite 
stratum. The dominant feature of such beds is a textural gradation from 
coarse at the base to fine at the top. Barrell (1917: 799) called attention 
to this kind of rhythm as follows: 

Passing to the smaller rhythms which characterize beds rather than members 
of formations, two beds which grade from coame below to fine above are pre¬ 
sumably continuous, but each such pair may be separated from adjacent pairs 
by a stage of scour or non-deposition, since each coarse bed must lie in turn on 
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one of finer texture. It would be unsafe, however, to use it as an absolute 
criterion of minor discontinuity, as it is quite possible for sand to be washed over 
mud-beds wthout necessarily producing a down-scour. 

The term graded bedding has long been applied to one kind of textural 
rhythm like that just described, and the feature provides a reliable top and 
bottom criterion when used with discrimination (Arts. 51, 52). 

The familiar varved sediments so commonly associated with recent 
and ancient glacial deposits represent still another type of cyclic deposi¬ 
tion. A single varve consists of a bipartite layer of which the lower part 
is coarser and the upper part finer. Each part grades into the other, but 
adjacent varves are distinctly separated. It is commonly possible to 
determine top and bottom in an ancient varved slate by noting in which 
direction the coarse material grades into the fine (Art. 53). 

In a recent conversation wth Dr. Henry Stetson the attention of the 
author was called to the following possibility of cyclic precipitation of 
calcium carbonate: On a bottom composed of fetid mud full of decom¬ 
posing vegetable and animal matter considerable ammonia should be 
produced. This ammonia reacting with calcium bicarbonate in solution 
would cause some of the soluble carbonate to be precipitated: 

CaH2(C03)2 + 2 NH 3 = (NH^liCOa + CaC03 

If this reaction occurred repeatedly, a fetid black mud should be suc¬ 
ceeded through transition by finely divided calcareous mud. There 
should, on the other hand, be an abrupt break betw’een calcareous mud 
and the succeeding fetid mud since the former w'ould rather quickly seal 
off the bottom materials and prevent further escape of ammonia. In a 
geologic column the phenomenon should be represented by successive 
bipartite layers composed of black shale in the low^er portion grading 
upward to limestone at the top. This type of cyclic sedimentation does 
not seem to have been described. It should be sought in thin-bedded 
carbonaceous limestones. 

18. Rhythmic Sandstone-Shale Sequences .—One of the conspicuous 
features of the Lower Mississippian Horton series of Cape Breton Island, 
Nova Scotia, is the repetition of a characteristic sandstone-shale sequence. 
Once the order of appearance of the units in the sequence has been 
established, it is thereafter possible, even in limited outcrops, to determine 
in which direction the top or bottom of the succession lies. This sedimen- 
tational phenomenon proved most helpful to the author in working out 
some of the complicated structure in the folded and faulted Horton beds, 
especially along the Southwest Mabou River. 

Dr. W. L. Whitehead and the author measured the following section, 
in which the cyclic sedimentation is particulaHy well exhibited (the units 
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are given in descending order, and thicknesses are only approximate 
because the strata show variable dips): 


Section along Southwest Mabou River, Cape Breton Island, Nova Scotia 

(Descending order) 


Thickness 

Lithology 

M. 

Ft. 

20 

60 

Windsor series —“ribbon” limestone—charactoristized by laminae 
averaging 1 mm. or less in thickness 

80 

250 

Horton ser es—red shale 

75 

230 

Cross-laminated sandstone 

95 

300 j 

Sandstone and red shale with 7 distinct .sandstone beds 

32 

100 I 

Massive sandstone 

32 

100 

Shale 

15 

45 

Massive sandstone—a falls maker 

10 

30 

Shale 

10 

30 

^Sandstone—laminated, massive, rippled 

65 

200 

4 Red shale 

31 

90 

KSandstone 

59 

180 

jShale with a few thin sandstone beds 

57 

175 

sandstone—a falls maker 

38 

115 

lIRed shale 

49 

150 

^Sandstone 

32 

100 

Red shale 

10 

30 

Sandstone 

Sandstone, shale, and arkose to igneous basement 


The above section shows a characteristic threefold cycle of sedimenta¬ 
tion repeated seven times. The cycle consists of the following three 
units, in descending order (Fig. 13): 

3. Red sandy shale and shaly sandstone in fairly thin beds with little or no cross¬ 
lamination and with some ripple marking. 

2. Highly rippled and cross-laminated silty and fine-grained sandstone. The 
individual laminae are lenticular and average about 25 mm. thick. The vari¬ 
able <Ups of the foresets indicate currents and waves with frequently changing 
directions. 

1. Massive,^ fine- to coarse-grained sandstone in one thick unit containing great 
foresets indicative of powerful waves or strong wind currents. Many of the 
cross-laminated parts are wedge-shaped or lenticular, indicating aeolian deposi¬ 
tion. Upward the unit grades into No. 2. Downward it is separated sharply » 
from the sh&le of the preceding cycle* j 


The cycle represented in the foregoing sequence seemingly includes 
the following events: Firet, the sand was shifted about by wind in dunes 
and by waves and currents on bars. Next, the shallow waters of a trans- 
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gressing sea, greatly agitated by current and wave, constantly disturbed 
the bottom materials and shifted the incoming sediments from place to 


place. Finally, as the water deep¬ 
ened, only finer sediments were 
brought in, the bottom materials 
were less disturbed, and the last muds 
settled to the bottom through quiet 
water. Uplift terminated the cycle 
and initiated a new one, which began 
as sands were drifted across the 
uncovered mud surface. 

An example closely similar to the 
one just cited was recently described 
from Australia by Hills and Thomas 
(19*45: 52). In the Ordovician rocks 
of the gold fields of central Victoria, 
they found a definite gradational 
sedimentary unit consisting of the fol¬ 
lowing materials in reveiie order of 
deposition {i.e., in descending order): 

4. Argillaceous slates 
3. Argillaceous slate with interbedded 
sandstone laminae or layers 
2. Laminated sandstones 
1. Quartzose sandstones and argillaceous 
sandstones 

A third example of an ancient 
rhythmic sandstone-shale sequence 
proved useful to Steam (1934: 
146-156) in working out the structure 
of steeply folded Pennsylvanian 
Stanley elastics in the quicksilver 
district of Arkansas. The usual top 
and bottom features—cross-lamina¬ 
tion, ripple marking, and graded bed¬ 
ding—are lacking, but the rocks of 
the district show a quadripartite 
lithologic succession that is repeated 
15 times (4 in one sequence; 7 in 
another; etc.). The depositional cy¬ 



Fia. 13.—Tripartite sedimentary cycle re¬ 
peated seven times in the ^liss issiDpian 
Horton formatio n along the boutbw^t 
iviaoou ^ver on Cape Breton Island, Nova 
Scotia, ^hc cycle began with wind and 
w*ater d^osition of coarse quartz sand in 
great cross-laminate<i units of lenticular and 
wedge shape (X), The highly cross'larni- 
n&ted nature of this part of the cycle indicates 
vigorous and changeable currents. As deposi¬ 
tion of sand continued, the units became 
smaller and smaller, giving a "choppy” 
appearance to the deposit {B). The over¬ 
lapping lenses of B are composed of medium¬ 
grained sand. Upward they become smaller 
in size and finer in texture, grading finally into 
the sandy basal part of C. The cycle closed 
with deposition of a considerable thickness of 
silt in well-laminated layers (Cy The red 
silt of C grades downward into E, becoming 
more and more sandy as it passes into the 
cross-laminated lenses. Upward Mt ends 
abruptly against the base of the overlying 
coarse, sandstone, which marks the initial 
deposit of the next cycle.X The cycles range in 
thickness from less than 20 m. (60 + ft.) to 
more than 100 m. (300 + ft.). Part C is 
thicker than A and B together in some c}'cles; 
in others it is thinner. (Arts. 17, 18.) 


cle, representing a unique rhythm of sedimentation, begins with 
massive sandstone, grades through shaly sandstone into sandy 
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shale, and ends with laminated clay shale. Steam (1934: 248) 
noted: 

The sharpest planes of demarkation [in beds dipping 72® or more to the south] 
are those between the south faces of shale layers and the north faces of the sand¬ 
stone layers. A gradation, four times repeated, occurs southward. . . . 

He concluded that the beds are right side up because the sequence 
grades from coarse sand at the north face of the southward dipping 
sequence to laminated shale at the south. Fenton and Fenton (19376: 
1934-1935) report sand-mud rhythms in the Belt series of western North 
.\merica. Some of the rhythms are on a scale commensurate with 
seasonal fluctuations, but others are much larger. 

Multipartite rhythms of deposition have been mentioned in geologic 
literature but usually only in routine descriptions of flat-lying formations. 
Inasmuch as they are known to exist and to have been used for structural 
purposes in at least three widely separated regions where the strata are 
vertical or overturned, they constitute a top and bottom criterion worth 
consideration and further investigation. 

19. Cycles, Rhythms, Cyclothems, and Megacyclofhems .—Cyclic sedi¬ 
mentation is especially well displayed in the Pennsylvanian deposits of 
North America and Europe [Trueman (1946: Iv-lxii)] and no doubt will 
prove on future investigation to be of common occurrence in other parts 
of the world. Inasmuch as l^n ideal cycle is composed of a sequence of 
lithologic units that have the same relative stratigraphic position, it is 
possible to determine whether one is ascending or descending in the sec¬ 
tion by noting the order of succession of the several units. The individual 
units may vary considerably in lithology, in thickness, and in certain 
other characteristics and may even be missing from the succession alto¬ 
gether, but if they are present their stratigraphic position and relations 
are consistent 

These rep^ at i iH ss d u nentary sequences, variously designated cycles, 
rhythms, cyclothems, and megacyclothems, have been reported by many 
w'riters and have received considerable attention in recent years [Udden 
(1912); Savage (1930:125-135); Weller (1930, 1931, 1931a, 1934); Ashley 
(1931); Moore (1931); Plummer (1931); Reger (1931); Stout (1931); 
Wanless (1931, 1938, 1939, 1946); Wanless and Weller (1932); Wanless 

and Shepard (1936:1177-1206); Weller, Wanless, CUne, and Stooky 
(1942: 1585-1593)]. 

Udden (1912: 47) long ago recogmzed the remarkable cyclic nature 
of the Pennsylvanian strata of IlUnois and in a single quadrangle differ¬ 
entiated 21 lithologic divisions which he grouped into quadripartite cycles 
(Fig. 14). He found that “Each cycle may be said to present four 
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successive stages, namely; (1) accumulation of vegetation; (2) deposition 

of calcareous material; (3) sand importation; and (4) aggradation to sea 
level and soil making.” 

(Wanless (1939:8) gives the following complete sequence of beds as 
described by Weller (1930) for western Illinois (in descending order): 


{ 10. Gray shale wth limestone concretions 
^ 9. Limestone wth marine fossils 

^ -8. Black, hard, sheety shale, with large limestone concretions 
^ -^7. Limestone mt\\ marine fossils 
6. Gray shale 
^—5. Coal 
^ 4. Underclay 

3. Fresh-water limestone 
r "“^2. Shale or sandy shale 
f —1, Sandstone, with unconformity at base 


This sequence is an ideal one and usually is not complete. Beds 1, 4, 
5, 9, and 10 are the most common] To such a sequence, Weller [Wanless 
and Weller (1932: 1003)] applied the term cyclothem, pointing out that 
in the Eastern Interior coal basin it constitutes a formation which can be 
correlated readily from place to place. ^He visualized the cyc le as begin- 
ning after i inlift, ^^Ht,h Hennsition of sn.nB fl.n d shale on an un conformity; 
the second stage was the deposition and formation of underclay; the thii*d, 
formation of coal; the fourth and last stage began with submergence, 
continued mth deposition of marine limestones and elastics, and ended 
with uplify 

interpretation by Weller (1930: 1001 of thft nHgHnnl oyoY^ n 
s^^enc e of Udd en (1912: 47) is shown in Fig. 

’ I'iToore^ 193^: 21), accepting the concept of th^yclothem but differing 
in his opinion as to how it should be bounded, pointed out that 

The sedimentation cycle in the Mid-Continent region differs from that of 
Illinois and other eastern states in the greater prominence of the marine deposits, 
especially limestone, and in the absence in most cases of definitely recognizable 
disconformities [which mark the beginning and end of Weller’s cyclothem]. 
There is perhaps some question as to the lines of di-vnsion between certain cycles - 
of the Kansas Pennsylvanian, but there is no doubt as to the definite relationship 
of each element in the succession of beds comprising the cycle. 

Moore (1936:24) considered an “ideal cyclothem” to have the fol- 
lo^ving units, in descending order: 

9. Shale (and coal) 

8. Shale, typically with molluscan fauna 

7. Limestone, algal, molluscan, or with mixed molluscan and molluscoid fauna 
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Black shale 


Sandstone 


Argillaceous hmeshne 


Jhick beds ofpure limestone 

• - Shale and dirt bed - 

Fire day -- 


Sandstone 


— Shale and chd".. 

- Coa) No. 7- 

■ ‘ Greenish fire day — 
Red. brown or gray day 


Sandstone 


Marty shale 
. Limestone 
—Gray mar !-■ 
~~CoalNoS -- 
' ~ Fire day — 
Shale ■**” 


Sandstone 


— -Shale' —-- 

. 'Clod" .. 

.,r 'Shale-—- - 

" - - 

Fire day. shale, concretionary 
Icryers.wi'fh thin seams of coal 
and sandstone 


A.Uod£n 


Weller 


•Fig. 14.—Cyclic sedimentation and cyclothems. A. The generalized section of Udden (1912: 47-50) 
D the Pennsylvanian rocU of the Peoria, III., quadrangle divided into the four cycles he recognized. 
a. Udden 8 column divided into the four cyclothems recognized by Weller (1930: 100). Udden used a 
coal or if this was mining the overl>-ing shale as the initial deposit of his cycle and an underclay as the 
closing deposit. Weller, on the other hand, used unconformities to bound his cyclothem. (Arts. 17. 

19.) U and /'•<>«1912. Bull. U.S. Gtol. Survey. 606: 27, Fig. 2, ond WeUer. 1930, 

Jour. Oeoloffy, 38: 100, Ftg. 1.) 
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6. Shale, molluscoids dominant 

5. Limestone, contains fusulinids, associated commonly with molluscoids 

4. Shale, molluscoids dominant 

3. Limestone, molluscan, or with mixed molluscan and molluscoid fauna 

2. Shale, typically with molluscan fauna 

Ic. Coal 

16. Underclay 

la. Shale, may contain land plant fossils 

0. Sandstone 

He points out that in the Kansas Pennsylvanian there are several 
distinct cycles of cyclothems, and to these rhythms of larger order he 
applies the term megacyclothem. 

Wanless (1939: 8-9) points out how “too close resemblance between 
corresponding strata leads to the erroneous correlation of different 
cyclothems” and goes on to say: 

In areas with thicker section and geosynclinal facies of deposition, like south¬ 
ern Illinois, eastern Kentucky, Virginia, and West Virginia, the strata are in 
cyclic succession, but the sequences are notably different from those in western 
Illinois. Marine limestones are not common, and black shales and fresh-water 
limestones are generally absent. The sandstones are massive cliff-forming beds. 
The sandy shales (member 2) may be quite thick and may include several thin 
layers of sandstone and in some instances coal beds. The underclays are gener¬ 
ally sandy and thinner than in the western Illinois cyclothems. The coals com¬ 
monly split into several benches a few inches or several feet apart with shales and 
thin-bedded sandstones between. The gray shales over the coals (member 6) 
contain fossil plants at many horizons, while plants are rather uncommon in the 
areas of thinner section. There are large, flattened, oval masses of impure lime¬ 
stone wth cone-in-cone on their upper surfaces at several horizons from a few 
feet to about 30 feet above the coals. They are wholly unfossiliferous in some 
places but contain marine fossils in others. These beds probably correspond to 
the marine limestone members. The upper gray shales (member 10) are not 
separated from the gray shales immediately over the coal (member 6) where black 
shales and limestones are absent. 

Inasmuch as Dr. Wanless has investigated cyclothemic sediments 
for so many years and over such wide areas, the author asked him for 
comments on the extent to which cyclic sediments might be used for 
determining order of succession in steeply tilted strata. In reply (Feb. 
20, 1940), he commented so significantly that, Avith his kind permission, 
most of his letter is repeated here verbatim: 

It seems to me that there are many conditions present in Pennsylvanian sedi¬ 
ments with which I have worked which would permit the recognition of the top 
and bottom of a sequence even though they should be overturned. I have 
actually seen Pennsylvanian strata dipping very steeply to vertically at a number 
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of places and have had no trouble in determining the order of their sequence. 
At one locality which is especially noteworthy a whole series of beds seems to 
have been completely inverted. This feature was obseiwed in the large, open 
pit of an anthracite coal mine at Summit Hill, Pennsylvania. The feature is 
illustrated in Lobeck’s new book GEOMORPUOLOGY in the photograph on 
page 581 at the beginning of Chapter 17. The locality is there called, “near 
Coaldale.” In the lower left of the picture are three sharp folds, apparently 
anticlines, from which the coal has been removed. We obser\'ed in the field that 
these structures consisted of a hard black shale with large pyritic concentrations, 
a sequence commonly found in the roof of a coal bed, and that above the coal 
stripped from there is a structureless clay with root traces. The impression is, 
therefore, that these structures are completely inverted synclines, the coal having 
been turned bottom side up. 

I have also measured vertical Pennsylvanian sections at Pottsville Gap in 
Sharp Mountain in the anthracite field, and at several gaps in the Cumberland 
Mountains in Virginia, Cumberland Gap, Kentucky, and Big Creek Gap, Ten¬ 
nessee. At all of these places there were several very massive sandstones sharply 
demarcated from the beds below by a minor unconformity with a tendency for 
quartz pebbles to be concentrated in the lowermost parts of these sandstones.^ 
In the Southern Appalachian coal field I have noted that many massive sandstone 
and coal sequences have a more or less constant relation to one another. I believe 
that a normal sequence might be illustrated by the following description taken 
more or less at random from a section on United States Route 119 where the 
route crosses the drainage divide between Tug Fork and Levisa Fork of Sandy 
River in Pike County, Kentucky. 

Coal, rather slaty, 2'^ 

Clay, medium gray, olive above, U8" 

Shale, bony, 2" 

Coal, 8" 

Siltstone, light olive gray, shaly to fairly massive, 3'9“ 

Sandstone, massive light brownish gray, well jointed, medium gray, ledge forming, 
with some shaly lenses and finer grains in upper part, 35' 

Unconformity 
Coal, 7" 

Clay, light gray, 6" 

Shale, brownish, 2" 

Underclay, light gray, I'l" 

Coal, IH" 

Clay, light gray, 10^" 

Coal, 9" 

Underclay, light gray, 10" 

Siltstone, hard, well indurated, with root traces in upper part, 2'6" 

Shale, silty, light olive gray, 3' 

* The author has noted a similar lithologic assemblage in the basal Pennsylva¬ 
nian (Mansfield) sandstone of Indiana. 
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Sandstone, very massive, poorly bedded, light brownish gray, medium grained, 
cliff forming, micaceous, upper part thin bedded, finer and more shaly, 37' 
Shale, blue gray weathering olive, silty, with thin regular bands of ironstone 
concretions, 5' 

You \vill notice that each sandstone rests unconformably on the beds below 
and that it grades upward into a much finer grained or more shaly sandstone so 
that if the overlying rock is a siltstone it is often difficult to tell where the two 
should be separated. The coals almost always have an underclay, or a shale, 
siltstone or sandstone floor, which contain stigmaria and other root traces. Such 
material may form the roof of a coal bed, especially if the coal is split into several 
benches, in which case the underclay of one bench may serve as the roof of the 
next lower one. Limestones are almost never present below coals and in the very 
few cases where I have found them in that position they also contained root 
impressions along with the marine fossils. In the Appalachian coal field, the 
roof of at least the uppermost bench of a coal is very commonly either a well 
laminated shale, which often contains stem or leaf impressions, or an unconform- 
able sandstone like that above the 7 inch coal in the section copied above. 

If one is dealing with cyclic sediments including a larger component of marine 
material than is found in the Southern Appalachian coal field, it is even easier to 
determine the order of sequence of the beds than where the sediments are largely 
non-marine, as in Illinois and adjacent states the strata of a cyclothem tend to 
arrange themselves in the order which has been cited by Marvin Weller in his 
papers. The hard black fissile shale, and marine limestones and gray shales with 
flat ironstone bands, almost always occur above the coal bed, while the underclay, 
nodular fresh water limestone, and sandy shale or sandstone almost invariably 
occur beneath the coal. A part of these beds may be missing, but those which are 
present will still preserve this order even when a coal bed is missing. (The] 
position [of the coal] may be commonly identified at the contact of a limestone or 
well bedded shale above wth a structureless underclay below. We have observed 
this condition in hundreds of localities in Illinois. The condition in the Mid- 
Continent region is somewhat different in that coals are less frequent and marine 
limestone more prevalent. There Raymond Moore has discovered a complex 
sequence repeated many times involving three or more marine limestones and 
intervening shales which permit one to determine very easily the upper and lower 
sides of various beds. The stratum equivalent to our eastern underclays is 
generally a non-laminated shale between what he calls the lower limestones and 
the middle. This occasionally contains root traces, though such are often lacking. 

In the Rocky Mountain region, coal beds are almost entirely lacking in the 
Pennsylvanian and so are underclays and fresh water limestones. In many 
parts of the Rocky Mountains, a basal sandstone is present and may be very thick 
and conglomeratic. At many localities the pebbles include feldspar and crystal¬ 
line rock fragments as well as quartz. The lowest parts of such sandstones or 
conglomerates are generally more massive and coarser grained than the upper 
parts, as was also true in the Appalachian area. The sandstone or conglomerate 
grades upward into very fine sandstone or siltstone, often with calcareous cement 
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and marine fossils, and within such beds there may be thin bands of conglom¬ 
erates similar to those lower dowm. The marine limestones normally follow the 
siltstones and are commonly quite free from grit. The limestone may be followed 
by shaly beds or it may be truncated by the basal sandstone or conglomerate of 
another cycle. Where red beds are present, these commonly occur in alternation 
with either conglomerates or sandstones, or with limestones. At the Red Rocks 
Park, Morrison, Colorado, there are fifty or more alternations of massive con¬ 
glomeratic sandstones with red silty or sandy shales. Elsewhere, both in the 
Rocky Mountain region and in the Conemaugh formation of the Eastern States, 
I have found red beds apparently occupjing the position of the low’er part of an 
underclay or the shales and sandstones below an underclay. 

I think you will gather from the foregoing notes that it is possible to tell w'hich 
is the upper and which the lower part of a cyclic Pennsylvanian section almost 
anywhere from the anthracite fields to the Rocky Mountains. 

20. Faunal Succession.—By their classic investigations in England, 
William Smith and his followers discovered that diagnostic assemblages 
of fossils always occupied the same relative position in the geologic column 
w'hich had been constructed on the basis of superposition. This discovery 
of faunal succession, the significance of which became immediately 
apparent on the announcement of the Darwin-Wallace thesis that life 
evolved by orderly change from simple ancestral forms, gave to the scien¬ 
tific w'orld for the first time a means of dating fossiliferous rocks. 

Through the decades since the discoveries of Smith, Murchison, 
Sedgwick, Darwin, and Wallace, stratigraphers and paleontologists 
have been adding new formations to the geologic column and new' faunas 
and floras to the geologic life record, so that now' any reasonably large 
assemblage of fossils can be assigned its proper position in the geologic 
time scale without undue difficulty. 

In a recent symposium on correlation by means of fossils, significant 
papers w'ere read by Clark (1937:389), Elias (1937:374), Keen (1937: 
390-391; 1937a: 396; 1939:659-663), JMueller (1937:373), and Thomas 
(1937: 373). The recently published “Index Fossils of North America” 
[Shimer and Shrock (1944)] will be useful to paleontologists in dating 
North American fossils, and somewhat similar compendiums are available 
in certain foreign countries [see Neaverson (1928)]. There are, in addi¬ 
tion, many published articles discussing the value of certain groups of 
fossils for correlation purposes. An excellent recent example is the article 
by Ellison (1946:93-110) on “Conodonts as Paleozoic Guide Fossils” 
[also see Schuchert (1924: 539-553)]. 

In addition to their broader use as time markers, fossils have a more 
restricted use as a criterion for determining order of succession in a 
sequence of fossiliferous strata that are steeply inclined or overturned. 
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In this use of fossils the bottom of the sequence is toward the older, 
less advanced faunas and floras, whereas the top is toward the younger, 
more highly developed organisms (Figs. 15, 16). 

Stutzer and No6 (1940: 227) cite an instructive example of the value 
of fossils in determining original order of deposition in a coal-bearing 
series. 

The identification of plant fossils in the Alais basin in central France helped 
not only in the recognition of the stratigraphic horizon but also in unraveling a 
complicated tectonic problem (Dannenberg, 1915). At first it was not realized 
that a tectonic problem existed. The various coal beds lay in apparently undis¬ 
turbed position with a regular dip toward the east. During their study of plant 



Fio. 15.—Diagrammatic geologic cross section shomng how a succession of increasingly more advanced 
faunas can be used to determine stratigraphic sequence and regional structure. Zone 1 contains the 
oldest fauna; zone 5, the youngest and most specialized or advanced. This illustrates the use of the 
principle of faunal succession in structural work. (Art. 20.) 

fossils the French paleobotanists, R. Zeiller and Grand ’Eury, came to the unex¬ 
pected conclusion that the upper coal beds of the basin belong to an earlier horizon 
than the lower beds. Therefore the normal order of deposition, as has been 
assumed, did not exist. Bertrand believed that a horizontal thrust explained 
the relationship, on the assumption that a portion of the coal-bearing rocks had 
been pushed horizontally across an adjoining portion of the basin. Subsequent 
folding and erosion had so effaced the evidence that the tectonic structure of the 
Alais basin was recognized only after a study of the fossil plants which accompany 
the coal. 

In addition to being used as components of an assemblage, for correla¬ 
tion and for determining order of succession, fossils are also useful as top 
and bottom criteria apart from their age significance. Individual fossils 
or fossil fragments commonly indicate the top of the containing bed by 
the way they are oriented in the rock (Arts. 159 to 179). Certain primary 
and secondary internal structures have proved useful in the same way 
(Arts. 180 to 183). It should be obvious, therefore, that the relation of a 
fossil to the materials surrounding it may be fully as significant as the 
age of the organism which made the hard part. 
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Fio. 16.—Diagram showing how the sutures of cephalopoda can be used to determine faunal aucceesion 
and 8ui«rp«ition. The ShumaTdUes-PrrrxnUtt evolutionary series extends from late Pennsylvanian 
(Graford. Graham, “"d Neva) into the Permian (Admiral-Double Mountain). (Art. 20.) {After 
• o . • • Pl<Ut 6. as modified by Elia,, 1938, Jour. PaUontolooy, 
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21. Unconformity.—Few geological phenomena are of more interest 
and importance to the field geologist than an unconformity, which repre¬ 
sents a break in the geologic record. The record which is lost has to be 
determined from the age, lithology, and relations of the rocks above and 
below the unconformity. Inasmuch as the sequence of geologic events 
can usually be determined from unconformities, it follows that a study 
of them has a direct bearing on determination of sequence in layered 
rocks. The surface of unconformity between two bodies of rock repre¬ 
sents an ancient subaerial or subaqueous surface on which many features 
were formed. These features, if preser\’ed, not only reveal information 
about conditions on that surface but also show by their intimate relation 
to the surface that they are a part of it rather than of the covering 
materials. 

22. Definitions. —An ttnconformUy is a surface of weathering and 
erosion or nondeposition interrupting the continuity of a sequence of 
bedded or layered rocks. Such a break may indicate a long period of 
time or a short one, a profound gap in the fossil record or an insignificant 
one, extensive weathering and erosion or little of either, a conspicuous 
structural break or none at all, etc. [see Crosby (1899: 141-1G4), Black- 
welder (1909; 289-299), and Twenhofel (1932: 108-110, 625-032)]. 

The concept of unconformity is exceedingly important in geology, for 
every unconformity, large or small and regional or local, was once a sur¬ 
face, and most of the surfaces were once exposed to the action of subaerial 
weathering and erosion. During this exposure, irregularities were pro¬ 
duced on the surface. At the time when these were formed the surficial 
material may have been soft and unconsolidated or completely lithified. 
Some features now associated with unconformities may have developed in 
the rock long after the old surface was buried {e.g., filled caves—Art. 131). 

Joints and crevices opened up by thermal contraction, dehydrational 
shrinkage, or slight deformation may be backfilled with surficial detritus. 
Joints enlarged by solution and by erosion may be filled in the same man¬ 
ner. Channels, narrow defiles, potholes, and other similar erosive fea¬ 
tures may be preserved on old erosion surfaces. Soft clays, unconsolidated 
coaly matter, friable sands, and other easily eroded sedimentary material 
may be scoured out here and there and the excavation later backfilled 
with coarse, cross-laminated sand. All these features and many others, 
produced by subaerial weathering and by erosion, show, by their rela¬ 
tion to contiguous beds, which stratum bears the true ancient surface and 
which was deposited on that surface (see Arts. 130 to 132, 190, 202, and 
222 to 227). 

• The relation of unconformity is so variable and is manifested in so 
many different ways that only a long and detailed discussion with innu- 
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merable illustrations would cover the subject adequately. Here we shall 
confine the discussion to those relations of unconformity w'hich involve 
large rock units on a regional scale. Unconformities of small magnitude are 
considered under sedimentary rocks in Arts. 130 to 132 and under igneous 
rocks in Arts. 190, 202, and 222 to 227. 

An angular unconformity is the relation in which the strata overlying 
the surface of unconformity transect the beds lying below that surface 
(Figs. 17, 18). The angle between the beds on the two sides of the 
unconformable contact may be 90° or any angle less than that to one so 
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FJO- 17. Fio. 18. 

Fio. 17—Angular unconformity in unconsolidated Tertiary elastics as observed in a road cut near 
Juan Santiago, Dominican Republic. Horizontally bedded siltstones. sandstones, and gravels lie 
upon yuncated. steeply inclined strata of a slightly earlier clastic series. In adjacent areas this rela¬ 
tionship is even more strikingly shown where the second or later series of elastics has undergone deforma- 
tioQ since deposition. (Arte. 21, 22, 38.) 

Flo. 18.--Unconformity in unconsolidated Tertiary elastics as observed along the eastern bank of the 
Rio Yaqui del Sur in the Dominican Republic. The underlying massive sandstone, in which bedding is 
not apparent, was channeled by erosion and the troughs then backfilled with gravel. Gravel was fol¬ 
lowed by sand and silt, which were deposited in horizontal layers. Since bedding cannot be determined 
in the lower sandstone, it is not possible to state whether the relation is that of angular unconformity or 
disconformity. It is clear, however, that the gravel rests unconformably on the massive sandstone 
because of the shape and relations of the gravel lens. This relationship can be used for top end bottom 
determination in near-by areas where beds with similar relations have been folded and faulted (Arts. 




small that accurate field mapping is necessary to determine whether or 
not there is any discordance whatever. If an unconformity is interpreted 
as angular, deformation of the beds below the surface of unconformity is 
implied. It should be obvious, however, that, if the angle of discordance 
between the juxtaposed beds is small, it may not be possible to determine 
whether that angular difference is to be ascribed to deformation or to low 
initial dip in the underlying beds. If the discordance is ascribable to 
initial dip, the relation between beds is that of disconformity (Art. 28). 

One example should be excepted from the above definition of angular 
unconformity. If a pediment or erosional surface closely following a 
plane of stratification over an extensive area W'ere buried by large sand 
dunes with great foreset units tens of feet thick, similar to those in 
the Coconino sandstone of the w^estem United States or in the Mesozoic 
sandstone of the northern Shensi Province, China [see 'I^venhofel (1932, 
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Fig. 75)], a condition the exact reverse of angular unconformity would be 
produced (Fig. 19). 

A disconformity^ is the relation in which the strata both above and 
below the surface of unconformity are 
essentially parallel. There may be a 
slight discordance of angle between the 
beds because of initial dip in the underly¬ 
ing sequence, but no deformation other 
than vertical uplift and later subsidence 
is implied. It is also possible for discon- 
formable relations to be brought into 
existence without any deformation. If 
a bottom of deposition is built or ele¬ 
vated to the profile of equilibrium and 
conditions are then stabilized, a long 
period of nondeposition may ensue, as 
pointed out by T^venhofel (1932: 106- 
108). Such depositional breaks of as¬ 
sumed minor duration have been named 
diasiems by Barrell (1917: 794), who 
states 


The term disconformity has come to refer 
to a well defined hiatus of larger value and 
essentially due to diastrophism in elevating 
the land or depressing the ocean level, 
although for lack of a separate term these 
minor breaks would also at present be in¬ 
cluded as minor disconformities. The dis¬ 
tinctness of the two classes of lost intervals 
and the emphasis placed here on the class of 
smaller pauses, due largely to oscillations in 
the intensity of climatic factors, seem to 
justify the erection of a new term and the 
restriction of the class of disconformities to 
those breaks which have a large enough 
value to be recognized by change in fossils or 
marked contrast in sedimentation. A suit¬ 
able name appears to be diastem, the word 



Fio. 19.—Cross-lamination on an un¬ 
usually grand scale in great, wedge-sljajied 
unita many meters thick in Mesozoic 
red sandstone of northern Shensi Prov¬ 
ince, China. If only small parts of such a 
sequence were observable, the steeply in¬ 
clined forcsets might easily be mistaken 
for true stratification, which in this sketch 
is essentially horizontal. Each separa¬ 
tion surface between adjacent cross-lami¬ 
nated units is an unconformity because it 
marks a break in the sedimentary record, 
but it is not an angular unconformity, as 
might well be concluded from the steep 
dip of the fore.scts if only a small exposure 
of the sequence were observed, because 
there was no deformation involved 
(Arts. 21, 22, 30. 137, 139.) (Adapted 
from a photograph b\j E. L. Eslabrook 
publiehed in "Treatue on Sedimentation” 
by W. H. Twenhofel et of.. 1932. The ird- 
liame dc Wt7t»n« Company, Baltimore, p. 
622 , Fio. 75.) 


meaning a space or interval. It was formerly used in music as signifying 


* Grabau (1924: 821; see also 1905: 534) proposed the term disconformity for that 
type of unconformable relation . , in which no folding of the older set of strata is 
involved. ...” 
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an interval. The Latin form, diastema, is now used in zoology with the special 
meaning of a vacant space, or gap, between teeth in a jaw. 

A disconformity marks a period of time which is represented in some other 
region by a deposit of formation value. A diastem is a break represented in other 
regions, often within the same formation, by a bed or series of beds. A discon¬ 
formity is theoretically traceable over a broad area. For deposits of epeiric seas 
it means ordinarily a movement sufficient to more or less completely drain the 
sea-water from the continent. A diastem does not imply the draining of a 
shallow sea, but rather a shorter or longer downward oscillation of w'ave-base. 
The two classes of breaks, although typically distinct, must grade into each other. 
The assignment of a break to one or the other category must not depend on a 
doubtfully assigned cause, but must rest on the observable field evidence. There¬ 
fore the discrimination should rest for disconformities on breadth of occurrence 
and faunal or floral change, for diastems on breaks in continuity of lesser areal 
importance, of greater number, and not characterized by permanent faunal or 
floral change. 

23. Identific.\tion- of Unconformity.— Unconformities have long 
served to indicate the older and younger of contiguous strata. Van Hise 
(1896: 725-734), in studying the Pre-Cambrian rocks of the Lake Superior 
region, found that the important phenomena to be sought in establishing 
unconformity are 

1. Ordinary discordance of bedding 

2. Difference in the number of erogenic movements to which the series has been 
subjected 

3. Discordance of bedding of upper scries and foliation of lower 

4. Relations wdth eruptives 

5. Difference in degree of crystallization 

6. Basal conglomerates 

7. General field relations 

Stephenson (1929: 1325) found the following criteria useful in deter¬ 
mining unconformity (disconformity) in the Upper Cretaceous rocks of 
Texas: 

1. A thin conglomerate composed of pebbles, bones, teeth, or other hard objects 
at the base of the overlying formation 

2. A thin layer of phosphatic nodules* or phosphatic fossil casts of organisms. 

3. A phosphatic layer consisting of materials obviously derived from an older 
formation 

4. Sharp differences in lithology of the materials above and below the contact 
between contiguous strata 

> Some years ago, in discussing unconformities, Dr. E. O. Ulrich remarked to the 
author that he had indentified breaks in a black shale sequence by using phosnhatic 
nodules, even though he did not know at the time that the faunas above and below 
the break were greatly different. 
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5. An eneven or undulating contact transecting the bedding planes of the under¬ 
lying formation 

6. Presence above and below a contact of faunal zones that elsewhere are known 
to be separated by other strata 

7. Discordance of dip below and above a contact 

8. Borings made by littoral organisms in strata below the contact and later filled 
with material similar to that in the overlying bed 

Twenhofel (1932: G26) states tiiat another “ . . . criterion would be 
the occurrence in place of such littoral organisms as barnacles” and points 
out that, whereas the existence of the first seven features enumerated by 
Stephenson may suggest a disconformity or diastem, “ . . . each feature 
may occur without indicating a disconformity.” Several other relations 
and features should be added to the above lists, as shown by Lahee 
(1941: 67-70, 76-113) and Krumbein^ in their discussions of unconformi¬ 
ties. Many of these features not only indicate imconformity but also 
illustrate other geological phenomena of sufficient significance for them 
to be considered in separate sections later in this work. 

24. Unconformity as a Criterion of Succession. —In using the 
relation of unconformity as a criterion for determining order of succession 
in layered rocks or sequence of geologic events, it is not always enough 
merely to establish that juxtaposed rocks are unconformable. A careful 
search must be made along the line of contact or on the surface of uncon¬ 
formity for features showing which of the contacting bodies is the upper, 
or younger, and which the lower, or older. 

Relations of unconformity that ipso facto show order of succession are 
considered in this chapter. Less obvious features, structures, and rela¬ 
tions occurring on or adjacent to suriaces of unconformity are discussed 
in later chapters under sedimentarj^ and igneous rocks. 

25. Regional Unconformity. —An extensive surface once exposed 
to subaerial weathering and erosion or subjected to subaqueous erosion 
may have certain surface and internal features that owe their origin 
to processes operating during the period of attack. Other features 
and relations come into existence in the materials that bury the old 
destructional surface. Such a buried surface of weathering and erosion 
is called a surface of unconformity, and the relations between it and the 
covering rock are designated regional unconformity. This relationship 
usually implies that a long period of denudation preceded deposition of 
the materials covering the unconformity and hence that rocks once lying 
at considerable depths have been laid bare on the surface of erosion. 

‘ The reader will find an excellent summary of the criteria of unconformity in a 
recent article by Krumbein on “Criteria for Subsurface Recognition of Unconformi¬ 
ties” (Bull. Am. Assoc. Petroleum Geologists, 26: 36-62 (1942)). 
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A surface of prolonged erosion may expose plutonic igneous rocks, 
basements of intensely folded and altered schists, and less intensely 
affected sedimentary strata (Figs. 20A to D). There is likely to be great 
difference in the lithology of the rock above and below the surface of 
unconformity. Lava flows may cover such surfaces, contrasting sharply 
with underlying serpentenized basalts, etc. (Figs. 20E to F). Large 
bodies of juxtaposed rocks may exhibit such confusing or vague contacts 
that areal mapping on a regional scale is necessary to determine the true 
relations between them (Figs. 20G to H). 



PiQ. 20.—Unconformities. A. A conglomeratic sandstone succeeded by laminated shale lying upon an 
eroded, dike-transected granito basement. B. Sandstone-shale sequence overlying an eroded terrane 
of highly folded metamorphosed rock. C. Sandstone-shale-limestone series lying upon a flat erosion 
surface truncating a series of folded sediments. Z). Sandstone-shale succession lying upon a folded and 
faulted sedimentary series. B. A young lava flow resting on the eroded surface of an ancient flow that 
has been serpentinized. F. Lava flow resting on a folded sedimentary succession. G. Marble terrane 
invaded by a granite that sent dikes into the host rock. //. Slate terrane invaded by a granite con¬ 
taining partly digested inclusions of the host rock. (Arts. 21, 25, 32.) 


Unconformable relations are common in volcanic rocks. In a succes¬ 
sion of ash falls (Fig. 21A) or lava flows (Fig. 2\B), each surface of 
separation may mark an unconformity. Ash deposits commonly rest 
unconformably on a weathered or eroded flow (Fig. 21C); in fact, flows 
and ash beds may be separated by old soils and forest beds that had time 
to develop between periods of volcanic activity (Fig. 2\D). New lava 
flows may bury preexisting ash plains, and the relation of lava and ash 
will then be that of unconformity, with a strong likelihood that the top 
of the ash bed will be distorted and baked (Fig. 2\E). Lava flows may 
alternate with glacial till layers as reported by Atwood (1933:214) 
(Art. 16). 

Many investigators have called attention to different kinds of rego- 
Uthic deposits overlying ancient surfaces of weathering and erosion. Such 
regolith is largely the insoluble residue from the parent rock (Figs. 2\F to 
K). Mechanical weathering alone may produce a regolith which grades 
downward into the parent rock so imperceptibly that no definite surface 
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of unconformity exists (Fig. 21L). Such an example illustrates a zone of 
unconformity. 

A transported regolith such as glacial till (Figs. 22A to C), stream- 
gravel, wdnd-blown sand (Fig. 22/)), or silt (Fig. 22£) usually is quite 
different in lithology and mineralog>^ from the underlying material. The 
buried surface may be one that has been planed by glacial abrasion (Fig. 




Fio 21.—Unconformity. A. A series of unconformablc ash beds. B. A younger flow with thin basal 
zone of vesicles lying unconformably upon the eroded surface of an older flow. C. An ash depo.sit 
uncoiiforniably overlying a flow that shows erosion of its upper vesicular part. D. Diagram showing 
an ash bed and flow separated by a soil bed, which formed before the lava covered the ash, and a forest 
bed, which devcloi>ed on the lava flow and later was overwhelmed by a younger flow. E. Lava flow 
unconformably overlying an ash deposit, the upper part of which was deformed and bake<l by the hot 
lava. F. Buried surface of weathering showing a residual dc|>osit of clay and boulders derived from 
the underlying igneous rock. 0. Residual iron-ore deposit, concretionary in the upper part and earthy 
in the lower, grading downward into basalt from which it was derived by weathering. H. Residua! 
soil resting on the unevenly etched, calichc-incrusted surface of the limestone from which it was released 
by solution. I. Soil and chert residue lying on the uneven weathered surface of the cherty limestone 
from which they were rclea.scd by solution. J. A basement of metamorphosed sedimentary roclf 
unconformably overlain by a sandstone of foreign origin in the ba.se of which are locally derived boulders. 
K. Weathered and eroded limestone surface overlain by laminated shale containing blocks derived from 
the underlying limestone. L. Residual arkose formed in aitu by weathering of an igneous rock. The 
fresh igneous rock grades upward through weathered rock into arkose. (Arts. 21, 25.) 


22A) or smoothed by ^^^nd erosion (Fig. 22F). On the other hand, it may 
be uneven because of weathering and erosion of rock or of unconsolidated 
sediment (Fig. 22G). Certain structures may be imposed on the uncon¬ 
solidated materials (Fig. 22B). 

Some unconformities, though exhibiting relief of tens of meters, were 
completely denuded of the regolith before burial. Hyde (1911: 557-560} 
called attention to the absence of soil along the Mississippian-Pennsyl- 
vanian unconformity in southern Ohio, commenting as follows (page 560): 


. , , a soil bed or evidence of weathering at an erosional contact is not essential 
to its interpretation as a plane of subaerial erosion, even when the next succeed- 
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ing beds appear to be of continental origin, and . . . the absence of such a bed at 
such a contact may demand a much more complicated explanation than that of 
simple submarine or subacrial erosion. 

An unconformity may separate two glacial tills that differ greatly in 
age (Fig. 22C); the younger of these is likely to contain material derived 
from the older. Sufficient time may have elapsed between ice advances 
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Fig. 22. —Unconformity. A, Dculdcry till resting on a limestone surface planed smooth by glacial 
abrasion. B. Till resting on a varved clay the upper laminae of which were disturbed by the glacier. 
C. Two till sheets with unconformablc contact. The upper has smaller boulders, contains materials 
from the lower, and has a different color. D. A sandstone of foreign materials resting unconformably 
upon an eroded igneous basement. E. Loess overlying an ero<icd rock substratum the surface of which 
mav be smooth or uneven. F . Ventifacts buried tn st/u on an erosion sxirface covered by wind^blow'n 
sand. G. Eroded sand formation unconformably overlain by laminated sand and silt. H. A forest 
bed preserved along the unconformity between two till sheets. The arrow indicates the direction in 
which lire second ice sheet moved. /. Buried boulders along the unconformable contact between a till 
sheet and overlying clay. J. Silici&cation along an unconformity between an old basement and over- 
lying quartzite. The silica extends downward along enlarged joints in the basement rocks, and boulders 
df it are incorporated m the overlying quartzite. K. Thin-beddcd Devonian limestone resting 
unconformably on more thickly bedded Ordovician limestone with a welded contact that is not readily 
apparent. L, Horizontal Devonian limestone overlying the truncated marginal layers of a Silurian 
bioherm. (Arts. 21, 25. 28.) 

to allow the formation of a soil and development of a forest. If so, the 
intercalated forest layer shows by undisturbed stumps which till is the 
younger and by prostrate logs in which direction the overwhelming ice 
moved (Fig. 22H). 

A varved clay may overlie an earlier till (Fig. 22/), or a late glacial 
readvance may deposit a layer of till upon such a clay (Fig. 22B), In the 
latter situation the clay is almost certain to show surficial deformation 
caused by ice shove and by being loaded when still soft. 

Relations of the several kinds of glacial deposits are especially valuable 
in working out an ancient glacially deposited sequence of tillstones, out- 
wash gravels, lacustrine deposits, etc. 
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26. Incrustations ox Regional Unconformities. —Crusts of iron 
oxide, alumina, silica, and certain other relatively insoluble substance.s 
commonly are deposited on extensive surfaces of chemical weathering if 
cqj^ditions are favorable. Woolnough (1918, 1927, 1928, 1930), in a 
series of instructive articles, has discussed such deposits in Australia. 
These crusts are ubiquitous over the larger part of the Australian con¬ 
tinent. They vary in chemical composition in strict conformity with the 
nature of the underlying rocks and seem to represent colloidal substances 
brought to and deposited at the surface in the process of subaerial decom¬ 
position. Woolnough (1927:27) suggested that these several types of 
surface deposits be collectively named the duricrust. 

In Australia the duricrust, which is commonly a hard and thoroughly 
cemented rock, rests on a completely leached substratum. Such a crust 
under favorable conditions might well be buried and preserved as an 
indicator of an ancient surface of weathering. 

Leith (1925: 513-523) has called attention to silicification on and 
immediately below surfaces of unconformity^ (Fig. 22J), and similar 
deposits of calcareous material have long been referred to as “caliche’' 
in the southwestern United States and northern Mexico. Crusts of 
several alkali salts and of ferriferous and aluminous materials have also 
been described from various parts of the world and may be expected on 
surfaces of unconformity (Fig. 22J), where they show by their relations 
which formation they incrust. Soluble salts such as chlorides and 
nitrates, because of the ease with which they dissolve in ground water, 
are not likely to be preserved except under unusual conditions [see 
Whitehead (1920: 187-224) and Tarr (1926: 511-513)]. 

27. Profiles of Weathering below Unconformities. —Under 
conditions favoring dominantly chemical weathering, the surface is not 
greatly eroded, and the prolonged circulation of ground water alters the 
rock to great depths. Feldspars are thus kaolinized, ferromagnesian 
minerals and biotite bleached or otherwise decomposed, and other min- 

‘ Leith (1925:515, 516) describes conditions along silicified unconformities as 
follows: 

On this surface are patches and veins of cherty and jaspery quartz, filling the openings 
and depressions. They tend to spread out along the erosion surface, but projecting down¬ 
ward are root-like veins, which usually end loss than ten feet below the surface. , . . 

It is clear that the silicification took place mainly prior to the deposition of overlying 
sediments, because in all cases the chert is conspicuously represented in all its phases in 
pebbles in the basal conglomerate. The manner in which the chert follows the details of 
the old erosion surface, filling joints and other irregularities, crossing the secondary struc¬ 
ture and bedding of the underljing rocks, shows clearly that it was introduced after the 
underlying rocks were deformed, and during or after their erosion. The fact that it appears 
in so many different kinds of rocks would seem to indicate that it was related to a wide¬ 
spread condition like weathering . . . [see Fig. 227]. 
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erals, as well as glasses, altered in response to the conditions of the 
environment. In this way is developed a deep zone of weathering marked 
by a thick cover, or loipon,^ of insoluble oxides, hydroxides, and hydrated 
silicates. Commonly occurring in this residuum are bands of concretiops, 
layers made dense and hard by concentrated colloids and mineral cements, 
zones of enrichment, and zones of reduced, oxidized, or hydrated minerals. 

If the surface of weathering persists for a long time, the loiponic cover 
on the source rock is thick. In mid-latitudes the typical residuum is 
red clay containing residual quartz grains, mica flakes, and chert frag¬ 
ments released from the parent rock^ [Kerr (1881:345-358)]. In the 
tropics it is more likely to be a lateritic ore of iron, aluminum, manga¬ 
nese, nickel, or chrome.* Weathering less intense in nature than that 
described in the preceding paragraphs may have little effect on the rock 
other than to discolor it. Such weathering may be seen along the uncon- 

‘ The author (Shrock 1047: 1228) has suggested the term loipon for those regolithic 
deposits resulting from intense and prolong(>d chemical weathering of rocks. 

* An excellent example of an ancient soil, or loipon, is the I^ower Cretaceous Little 
Bear residuum, which lies on the unconformity transecting upper Paleozoic rocks and 
beneath the overlapping Tuscaloosa conglomerate. This residual deposit, which is 
composed of a mixture of insoluble materials accumulated in situ from decomposition 
of Paleozoic strata, extends from Kentucky to northern Alabama along the eastern 
side of the Mississippi Embaymcnt (Mellon (1937:8)1. In western Kentucky, accord¬ 
ing to Sutton (1931; 449-452), this ancient soil horizon is represented by internally 
contorted arenaceous shale that lacks apparent bedding and contains quartz grains 
and mica flakes. Here, as farther south, it rests on Mississippian and Pennsylvanian 
rocks and is overlain by Tuscaloosa gravel. 

®The lateritic iron ores of Cuba and Puerto Rico are examples of weathering 
profiles developed on serpentinized igneous rocks, the bauxite of Bintan Island (near 
Singapore) is an aluminous laterite derived by weathering from an aphanitic hornfels 
(van Bemmelen (1941: 638) recently published an instructive profile of the deposit), 
and the bauxite deposits of Arkansas represent in situ and transported accumulations 
resulting from the weathering of nepheline syenite (Mead (1915)]. Incomplete lateri- 
zation of Columbia River basalt in northwestern Oregon produced a considerable 
loipon of high-silica fcrro-aluminous laterite, recently described in some detail by 
libbey, Lowry, and Mason (1945:1-97; 1946). In all these examples, and in many 
similar ones that could be cited, the weathering profile shows gradual loss of silica and 
alkalies, from the source rock upward, and increase, in the same direction, of iron or 
alumina or both concomitant with loss of silica. Residual lateritic deposits now 
buried along ancient unconformities may be expected to show the same general profile- 

Extensive deposits of ferro-aluminous “laterite” have been discovered recently in 
Jamaica, Haiti, and the Dominican Republic, resting on a prominent karst surface 
etched into early Tertiary limestone. These deposits are believed to be ancient soils 
left as a residual cover from lunestone long since dissolved away (see Goldich and 
Berquist (1947: 53-84)]. Similar deposits along ancient buried karst unconformities 
have been reported from several localities and are probably wdely scattered over 
the earth. 
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formity between the Mississippian Horton series and underlying base¬ 
ment rocks and is described by Bell (1929: 31) as follows: 

The composition of the basal contact beds is in direct relation to that of tlie 
underlying rock. Wliere the latter is slate . . . the Lowermost Horton bed of 
several feet thickness is a breccia consisting of angular or sub-rounded fragments 
of the underljnng rocks embedded in a paste of the same material and with but 
occasional waterworn pebbles from distant localities. These underlying slates 
show the effects of weathering for several tens of feet—weathering that took ])lace 
before the Horton was laid down, as it 
is reflected in the colour of the material 
included in the Horton breccia. The 
effect of weathering was to oxidize the 
iron and to remove the carbon so that 
purplish or reddish shades of colour were 
produced. 

If a loiponic complex were pre¬ 
sented and later metamorphosed, it 
would contain an unusual suite of 
minerals and would exhibit abnormal 
relations to the enclosing rocks. 

Some of the metamorphic effects 
might be mistakenly ascribed to 
introduction of foreign substances if 
the residual nature of the original 
material were not recognized. 

Another type of weathering profile ^-—Weathering profile in Pleistocene 

, . J • XL 1 • 1 Ml ' The djagram shows the relation of gum- 

is that found in the glacial tills of to the underlying altered and unaltered 

Iowa where, according to Kay (1931: TaZ x"., 

435), the succession is from unaltered 8.) 

till at the base of a sheet, through oxidized material in the upper 
part, to gumbotiB at the top (Fig. 23). If such a profile were repeated 

‘Kay (1931:456) discusses the formation of gumbotil as follows: 

The development of gumbotil from unoxidized and unleached till requires a compara¬ 
tively long time under proper topographic conditions (see Kay and Pearce (1920: 89-125)* 
Kay and Apfe! (1929:139-141); Leighton and MacClintock (1930: 28-50)]. * 

As soon as drift became exposed after the retreat of an ice-sheet marginal vegetation 
undertook alniost at once to occupy the new territory, and as soon as the climatic conditions 
became sufficiently congenial this vegetation no doubt spread rapidly over the surface. 
Even before the coming of vegetation wind and rain, sun and frost, and other weathering 
aprjcies had begun to alter the newly exposed glacial drift. The air and water oxidized 
the iron compounds in the drift and changed the color from the drab or gray of the fresh 
drift to the yellow, brown and red colors of iron oxides. As the oxidation extended down¬ 
ward from the surface other changes followed. The underground water began to dissolve 
those rock minerals which were the most soluble, and as the water passed downward th^ 
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several times and were preser\’ed in ancient tillites, as it is in the Pleist¬ 
ocene tills of Iowa and elsewhere, the sequence could be used to deter¬ 
mine the top of the tillite complex. 

The common podsolic soil profile of the pedologists is introduced here 
so that the student can become acquainted with its essential sequence 
(Fig. 24). It is probable, however, that an ancient soil ^\'ith a fully 
developed podsolic profile or, for that matter, ^^^th only a partly devel¬ 
oped profile would show its stratigraphic position by its relations to the 
adjacent rocks [see Nikiforoff (1943: 194-200)]. 

Robinson (1936: 54, 56) describes the formation of a soil profile as 
follows: 

We have now to examine a series of processes whereby, under the influence of 
water movements within the soil, the inorganic products of weathering and the 
organic matter undergo differentiation into definite layers or horizons, some 
characterized by impoverishment, and others by enrichment in certain constit¬ 
uents. The complete succession of horizons down to the undifferentiated parent 
material is called the soil profile. . . . 

We may refer to the translocation of material, either mechanically or in solu¬ 
tion, as ehiviation, and two main types of eluviation may be distinguished, namely, 
(a) mechanical eluviation, in which, apart from any chemical differentiation, the 
finer fractions of the mineral portion of the soil are washed down to lower levels, 
and (b) chemical eluviation in which decomposition occurs and certain products 
thus liberated are translocated in true or colloidal solution, to be deposited in 
other horizons. 

It is customary to refer to those horizons from which material has been 
removed by elu\’iation as the A or eluviated horizons, and to those horizons 
enriched by the deposition or precipitation of material from the eluviated horizons 
as the iUuvial or B horizons. The undifferentiated parent material lying below is 
termed the C horizon. 

28. Disconformity. Parallel and contiguous strata in a sedimen¬ 
tary section may be separated by an unconformity that is not apparent 


soluble materials were carried from the soil into the subsoil. Thus, limestone and other 
calcareous materials were leached out. first from the surface zones and then from deeper 
and deeper horizons. Oxidation extended itself downward much more rapidly than did 
leaching, and hence in the course of time the unchanged fresh tiU had two zones developed 
above it, the oxidized, unleached zone and the overling oxidized and leached zone. But 
the maximum change had not yet been reached. Vegetation was growing on the surface 
and the vegetal products of previous seasons were undergoing decay. Organic acids were 
formed, which, together with the other agents of weathering, brought about additional 
chemical changes. The result was a reversion to the darker colors of reduced iron com¬ 
pounds. the breaking down of fine materials into still finer—with many of them reduced to 
colloi^dal size—and the disintegration and decomposition of many of the complex minerals of 
which the drift IS composed. Thus gurabotU and related underlying zones were 
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because of the welding of the two layers (Fig. 22K). Such a welded con¬ 
tact is not uncommon in limestone sequences and may escape notice 
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altogether unless discovered by re¬ 
gional stratigraphic tracing of super¬ 
posed lithological units or by finding 
fossils of widely different ages near 
the line of contact. There are ex¬ 
amples of this kind where an entire 
geological system is represented by the 
hiatus along the welded contact. 

Another interesting type of dis- 
conformity is that which Ulrich 
(1924: 93) long ago described and used 
in locating the contact between cer¬ 
tain contiguous massive sandstones 
in the Upper Cambrian section of the 
upper Mississippi valley (Fig. 47). 

As the advancing sea reworked the 
fairly well graded massive sand de¬ 
posit on which it was encroaching, 
the currents carried to deeper water 
the smaller and lighter grains and 
left on the bottom a thin sheet of 
the coarsest grains. As the water 
deepened and sand was washed in, 
the incoming grains transported from 
a distant beach were gradually mixed 
with the upper part of the coarse 
concentrate, forming a basal transi¬ 
tion zone. In this way was formed 
what might be considered a residual 
basal sandstone, marking, by its abrupt 
termination downward, the depth of 
reworking by the invading sea as well 
as the imaginary plane of unconform¬ 
ity (Art. 57). 

29. Local Unconformities.— 

Many features and relations come 
into existence locally on a surface of 
weathering and erosion and may be preserved when that surface 
is buried. These include small deposits of* locally derived basal 
conglomerates spread over the surface of unconformity as thin lenses 
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Fio. 24,—Diaip^am illustrating the essential 
Icaturcs of a podsol profile. The A horizon is 
a leached zone of light*colored material from 
winch the potassium, calcium, and iron salts 
and carbonaceous matter have been largely 
removed. Descending waters carry the latter 
two substances into the underlying materials 
of the B horizon, developing an enriched zone 
much darker in color than either the C or 
A horizon and containing a concentration of 
carbonaceous matter and the sesquioxidcs of 
iron. The C horizon consists of the raw 
source material, which has been little modifuMi 
by the weathering. Under certain condi¬ 
tions ascending solutions carry soluble salt^ 
from the C horizon into the enriched zone of 
the B horizon. Podsol profiles are proba* 
bly preserved under only exceptional condi^ 
tions. hut they should be expected in argil¬ 
laceous formations suspected of being ancient 
soils. Compare with Fig. 23. (Art. 27.) 
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or collected nestlike in depressions and erosion channels on that 
surface; scoured-out depressions backfilled with cross-laminated 
gravels and sands, water-sorted sands with the heavier grains at 
the base of the deposit, or differentially compacted muds; buried and 
filled sinkholes of an ancient karst surface {e.g., in the Tri-State lead and 
zinc district); original mounds and other similar irregularities buried 
beneath stratified sediments, which may be deposited quaquaversally 
around and over them; and other equally significant features. Most of 
the features of this kind are large enough to be detected easily, but some 
are so minute that they can be seen only in thin or polished section under 
the microscope. It should be obvious, therefore, that specimens taken 
to include an unconformable contact should be marked for orientation in 
the field before removal from the collecting site. 

Since these features are local rather than regional in their extent and 
are, for this reason, likely to be restricted largely to one general type of 
lithologic terrane, they are discussed in detail later under sedimentary 
and igneous rocks. 

30. False Unconformity. —Attention has already been called to 
certain relations which, interpreted at face value, would be misleading in 
their indication concerning order of succession in two unconformable 
formations (Art. 22). Cross-lamination is probably the structure most 
likely to give trouble in this way; hence formations exhibiting it on a 
grand scale should be studied carefully ^^^th this fact in mind (Fig. 19). 

An instructive example of the confusion that can be caused by a false 
unconformity is the Pre-Cambrian Ramsey Lake formation of the 
Sudbury district in Ontario. This coarsely clastic formation is the third 
oldest of the seven members of the Sudbury-Bruce series and was con¬ 
sidered a conglomerate by Coleman (1905:14), who named it. Fairbaim 
(1944: 5) points out, however, that the formation is typically a grit with 
scattered pebbles and boulders and numerous quartzite lenses. The 
commonest boulders are granite, presumably derived from the pre- 
Huronian basement. Transecting the entire Sudbury-Bruce series, 
along an irregular line that tends to parallel the strike of successive for¬ 
mations, is a zone of brecciation marked by patches of fairly well rounded 
fragments. This breccia is developed in all the formations cut by the 
line of disturbance but has caused most confusion where derived from 
the Ramsey Lake and overlying Mississagi formations. Lawson (1929: 
374), misinterpreting the breccia as the conglomeratic phase of the 
Ramsey Lake, inverted the entire sequence, placing the McKim gray- 
wacke above and the Mississagi unconformably below. Later workers 
have pointed out Lawson^s mistake not only in inverting the section but 
also in placing a nonexistent unconformity between the Ramsey Lake 
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and Mississagi formations [Fairbairn (1944: 6-9)]. Lawson’s error was 
seemingly ascribable, at least in part, to the fact that the rounded frag¬ 
ments of the breccias bear superficial resemblance to true conglomeratic 
boulders [Fairbairn and Robson (1944: 20“23)]. 

False unconformable relations may also be produced in a series of 
rocks long after burial, as illustrated by truncated color bands, which 
simulate cross-lamination or scour-and-fill structure (Art. 142), and by 
stylolite seams (Art. 135) and fillings of underground caverns, sinkholes, 
and crevices produced by subterranean drainage (Art. 131). Relations 
such as the last-named should be expected in soluble rocks such as lime¬ 
stones, dolostones, and salinastones. 

31 . Summary op Unconformities. —Because they represent ancient 
surfaces, unconformities are unsurpassed by any other geologic features 
insofar as interest and general significance are concered. Almost every 
separation plane in a stratigraphic sequence is an unconformity of some 
duration; hence most examinations of bedding surfaces and of their 

. profiles in cross section will show relations useful in interpreting the 
geological history of the rocks. Unconformable surfaces with spectacular 
relief are not the rule, but if present in a region they are likely to exhibit 
many relations that cannot exist on surfaces that are flat or only gently 
undulating. On the other hand, flat or undulating surfaces are more 
likely to transect folded, faulted, and altered beds and for this reason may 
reveal more of the past geologic events. All basal deposits which lie on 
an unconformity should be studied carefully, for they are commonly 
helpful in indicating the kind of rock terrane that was being destroyed, 
the conditions under which the rock was being disrupted, and something 
about the means of transport and the environment of deposition. 

32 . Igneous Intrusion.—It has long been recognized that the rock 
invaded by magma is older than the intruding material; hence, where the 
margins or peripheries of intruding bodies can be examined, it is usually 
possible to determine the older and younger of contacting rocks. An 
intrusive contact can be mistaken for an unconformity if the relations of 
the contacting bodies are confused or indistinct. If a sedimentary or 
igneous rock rests unconformably on a plutonic rock such as a granite, 
there should be no contact metamorphic effects in the covering rock 
(Fig. 20(?). If, on the other hand, the contact is an intrusive one, dikes 
from the main igneous body should cut the invaded rock, altered blocks 
of the latter may be expected as xenoliths or roof pendants in the intrusive 
rock (Figs. 20//, 25), and the invaded rock is almost certain to show 
alteration along its contact margin (Fig. 25). 

If the intrusive body is of tabular shape and if it crystallized in a 
position approaching horizontality, it may contain \\ithin itself structures 
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and textures that indicate the direction of the force of gravity at the time 
of cooling. With this known, it is usually possible to determine the top 
or bottom of the sedimentaiy sequence in which it lies {e.g., a thick sill 
intruded essentially parallel to the stratification). These internal 
features, most of which are microscopic, are discussed fully in Chap. VI 
on Features of Igneous Rocks. 

33. Comparative Deformation.—In a sequence of rocks in which one 
part exhibits much more intense folding and faulting than the other, 
especially where conspicuous faults or other structures of one part do not 
cross the contact into the adjacent rocks, age relations usually are 



Fig. 25.—Diagram showms marginal features of a granite batholith that intrudes a sedimentary series. 
The complex is cut by two lamprophyre dikes that represent a late phase of intrusion A zone of 
rnetamorphbrn in the sediments b shown along the contact with the granite. (Arts. 32. 248.) 

obvious. In comparing degrees of deformation, however, similar lithol¬ 
ogies should always be considered; for under a certain intensity of 
deformation shales, for example, yield readily, whereas sandstones and 
quartzites do not (Figs. 26, Z%2E). 

\ an Hise (1909. 102), in outlining the principles he and his associates 
found useful in working out the classification and correlation of the 
highly deformed beds of the Lake Superior Pre-Cambrian, stated 

The amount and nature of the deformation are of assistance in correlation 
within limited areas. Upon the whole, the older a series the greater and more 
intricate the deformation. The difference in the amount of deformation in the 
pre-Cambrian series wherever there is a somewhat full succession of formations is 
sufficiently great to make this an important factor in the classification and 
correlation of the formation. 

In an earlier report he [Van Hise (1896: 632-633)] described three 
cases of comparative deformation as follows: 
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In the first and simplest case the lower formations have been subjected to 
either simple or complex folding, while the upper formations are undisturbed or 
very slightly disturbed. In this case the upper formations are likely to be found 
as inliers upon the other, and the structural break between the two is compara¬ 
tively easy to determine. Phenomena of this kind are found at many localities 
between the Paleozoic and pre-Paleozoic sediments, and less frequently they are 
found wholly within the pre-Paleozoic formations. 

The second case is that in which the lower formations were folded by one or 
more movements before the upper series was deposited, and subsequently the two 
were again folded. If the second folding was of a comparatively simple charac¬ 
ter, and the earlier was rather complex, it is usually comparatively easy to 



tio. 26.^omparative deformation. Section of the north wall of the Grand Canyon of the Colorado 
as seen from the south side near the mouth of Congress Canyon. The Vishnu schkt of Pre-Cambrian 
age 18 ^eatly deformed, whereas the overlying Unkar formation, also Pre-Cambrian in age. has only 
been tilted and fault42d, and the Middle Cambrian Tonto sandstone is e^entialiy horizontal. (Art. 33.) 

[Modified after Walcolt, 189ia, U.S. Qeol. Survey Ann. Rept., H {2): S07, Fig. 52.] 

separate the two series. For instance, the lower formations may have been rather 
closely folded by the first orogenic movement, and the two sets of formations 
together may have been gently folded by the second movement. The dis¬ 
crepancy between the two may often be detected, even when the movements were 
in the same direction, as they so frequently were. But the discordance may be 
more easily discovered if the second movement was in a different direction from 
the first, so that the first folds of the lower formations became complexly folded 
at the second period of folding, the newer formations at the same time being 
simply folded. 

Third, in more complicated cases the lower formations were folded one or 
more times before the upper series was deposited, and after the deposition of 
the latter the two series were again folded in a complex fashion, either by a 
single orogenic movement or else by successive movements. In proportion as 
the folding of the later formations becomes complicated the criterion of folding for 
separating series is more and more difficult to apply, and where the folding of the 
upper formations is at all intricate it is usually of little value. The criterion 
of folding for separating unconformable series is to be considered in all cases in 
connection with other criteria given upon subsequent pages [cleavage, joints, etc.]. 
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Deformation is seldom so intense that it blots out all previously 
existing features and structures; hence, in deformed sedimentary and 
igneous rocks, some original structures maj" still be obvious enough to 
allow determination of order of succession within the sequence. 

Cleavage and foliation made in an earlier period of deformation may 
be accentuated beyond usefulness by later folding. If metamorphism 
accompanies the later deformation, only traces of the earlier cleavage 
may remain. 

34. Comparative Metamorphism.—In a sequence of rocks exhibiting 
different degrees of metamorphism, those strata or bodies showing the 
greater or more intense alteration are judged to be the older; hence, 
within such a sequence it is frequently possible to determine the top by 
starting at the contact between the differently metamorphosed rocks and 
continuing upward into the less altered, hence younger, or upper, beds. 
In applying this criterion successfully, the same lithologic type must be 
considered in comparing two rocks, for dissimilar types show different 
degrees of alteration if subjected to the same conditions of metamor¬ 
phism (e.g., shale and sandstone respond quite differently under similar 
conditions). 

Fortunately for the structural geologist, it commonly happens that 
other features along or associated ^^^th the unconformity between two 
masses of differently metamorphosed rocks aid in determining which of 
the contacting masses is the older (Fig. 27). 

Van Hise (1890:707-708) long ago pointed out the usefulness and 
limitations of comparative metamorphism in working out structural rela¬ 
tions in the metamorphosed terranes of the Pre-Cambrian. He ^vrote as 
follows on the subject: 

The amount and character of the metamorphism of a series of formations may 
be an important guide in structural work. It may serv’e to separate one series 
from another and assist in determining the structure ^\ithin a series. The cri¬ 
terion has limitations, however, which are readily deducible from the manner in 
which metamorphic action occurs. 

Since metamorphism is produced by consolidation, welding, cementation, 
injection, metasomatism, and mashing, any one process acting separately or 
combined with others, it follows that a series of rocks may be profoundly meta¬ 
morphosed locally and the metamorphism be less or of a minor character in an 
adjacent area. Not only is this so, but different parts of the same fold are in 
most cases metamorphosed to a different degree, depending upon the position 
wthin the fold. Still further, one set of beds may be more readily metamor¬ 
phosed than another, so that one formation may become completely crystalline 
while the adjacent formation may still be plainly fragmental; as, for instance, a 
shale may change to a mica-slate or mica-schist and an interbedded quartzite be 



GROSS RELATIONSHIPS 


61 


but little affected by any process except cementation. As pegmatization is so 
frequently dependent upon the presence of an intrusive rock, it follows that an 
exi^reme phase of metamorphism engendered by this, combined with other 
processes, may have a very local character. 

Notwithstanding all of these limitations, if a set of formations be superimposed 
upon another set of formations, and one has become crystalline throughout, while 



Cambrian Pre-Cambrian gneiss looking _ 
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Fio. 27.—Comparative metamorphism* A. Contact between Huronian slate and Archcan schist on 
the Potato River in Wisconsin. The basal conglomerate, which averajjes about a meter in thick¬ 
ness, rests on the truncated fibrous schist and pives way upward to slate. It should be noted 
that the strike of the fine-grained slate is almost |>cr|>endicular to the foliation of the schist. Even if 
the narrow conglomeratic zone were covered, the more intensely altered rock—i.r.. the schist—would be 
considered the older. B-D. Diagrams illustrating the unconformable contact between Pre-Csinbrian 
gneiss and Cambrian schist in Downer Glen, Manchester, Vt. B. Plan of a part of the contact. 
C. Diagrammatic sketch along axis of Bourn Brook. The strike of the foliation b parallel with the 
course of the stream, whereas the micaceous Cambrian quartsites strike almost at right angles to the 
brook. In these examples the truncation of the gneissic foliation, together with the more intensely 
altered nature of the gneiss, indicates that thb rock is older than the schbtosc quartzite. D. Cross 
section of B. (Art. 34.) \A modified after Von Hist, 1896, V.S.Oeol. Surrey Ann* Kept.. 16 (1): 722, 
Fio* 144* B^D modified after Dale, 1902, Bull. l/.S. Geol. Survey, 196: 18, Fig. 7.1 


the other shows little or no change, it is probable that the first series undenvent a 
period of metamorphism before the new series was deposited. But in order to 
make this conclusion at all certain the superior formations should be of kinds 
which are equally likely to be metamorphosed; and further, it must be certain 
that it is a case of superposition, for laterally the metamorphosing forces may die 
out rapidly and the altered rocks pass quickly into those but little changed. 
Still further, if the metamorphism be due to pegmatization as a consequence of 
the intrusion of great batholites of granite the process may die out rapidly in a 
vertical direction, so that the extremely metamorphosed lower formations would 
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gradually pass into the unmetamorphosed beds higher up, with no structural 
break. ... It is further clear that metamorphism is much more dependent upon 
environment, dynamic action, and igneous intrusion than upon age. Age affects 
metamorphism largely in that old rocks are more apt to be deeply buried, folded, 
and intruded by igneous masses than are younger rocks. 

36. Summary.—The gross relationships discussed in preceding sec¬ 
tions have chief value as aids in determining broad regional relationships. 
Two or more of them are quite likely to be present in the same sequence 
of rocks and may be supplementary to each other in indicating order of 
succession or of geologic events. Conclusions based on the grander 
relations between adjacent bodies of rock may often be corroborated by 
internal features in the rocks themselves. These internal features, which 
also may prove useful in determining order of succession, are considered 
in detail under the several kinds of rocks in the following chapters. 



CHAPTER III 

FEATURES OF SEDIMENTARY ROCKS (I) 

L LITHOLOGICAI^TEXTURAI^MINER.VLOGICAL 

SEQUENCES 

36. Introduction.—Most of the folded structures of the world are in 
sedimentarj^ rocks and their metamorphosed equivalents. These rocks, 
therefore, deserve careful study because of the light their features, 
structures, and relations may throw on the order of succession in terranes 
where deformation has occurred. Fortunately for this purpose, sedi¬ 
mentary rocks are variable both vertically and horizontally, and they 
contain innumerable features that are useful in determining the top or 
bottom of a single stratum or the order of succession in a stratigraphic 
sequence. lUndle (1919: 339) has emphasized that “in both its time and 
space relations sedimentation is highly variable” and has pointed out 
that as a result of this variability sedimentary rocks, rather than being 
uniform over great areas and through considerable thickness, are quite 
the opposite. Barrell, Twenhofel, and the students of these great 
teachers of sedimentation have long emphasized the variability of envi¬ 
ronmental conditions on bottoms of deposition and of the sedimentary 
deposits made there. 

It is to the many small and commonly rather insignificant sedimentary 
features that geologists often must turn for some clue as to which is the 
top or which the bottom of a bed that is steeply inclined or vertical. 
Although most of these features are of small magnitude and usually of 
limited geographic and stratigraphic extent, they are, nonetheless, fre¬ 
quently of the greatest usefulness in determining local structure. Fur¬ 
thermore, since small folds and faults are commonly miniatures of much 
larger regional structures, sohdng local structure may at the same time 
aid in working out major features on a regional scale. 

In applying sedimentary criteria to the problem of top and bottom 
determination, it is not enough that the geologist be able to recognize the 
individual features and structures and to appreciate that they have 
practical value. He must also determine, if he can, whether the feature is 
of primary or secondary origin and under what environmental conditions 
it was formed, so that he can evaluate the extent of its use and its limita¬ 
tions for structural work. Erroneous conclusions may be drawn unless 
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proper discrimination is exercised in applying certain top and bottom 
criteria. 

The sedimentaiy features to be discussed are divided into the follow¬ 
ing categories: 

1. Lithological — Textural—Mineralogical Sequences. These include 
variations in lithology and texture, basal formations, and cyclic sedi¬ 
ments (Chap. III). 

2. Features on Upper-and Undersurfaces of Sedimentary Beds. These 

include primary and secondary struc¬ 
tures and features present on the 
upper- and undersurfaces of layers or 
penetrating the layer from either of 
the surfaces (Chap. IV). 

3. Internal Sedimentary Features. 
These include primary and secondary 
features and structures lying mainly 
or entirely within a bed or transecting 
a sequence of beds (Chap. V). 

In this chapter we shall consider 
the top and bottom features included 
in division 1 of the foregoing list. A 
brief review of these is appropriate 
as an introduction. Order of succes¬ 
sion is commonly obvious in many 
kinds of lithological sequences. Basal 
conglomerates are quite likely to be 
coarsest at the base and to have many 
boulders derived from the underlying 
rock; graded bedding in sandstones 
and siltstones and rhythmic stratifica¬ 
tion or var\'es in finer grained sediments usually consist of sharply 
separated bipartite layers that are coarsest in the basal part and 
finest at the top; accessory minerals not uncommonly appear abruptly in 
a stratigraphic section, often in great abundance, and then decrease 
gradually upward in the section; and saline sequences may be layered in 
accordance with the reaction series of precipitation. 

The several names that will be used in discussing sedimentary rocks 
are shown in the accompanying table “A Classification of Sedimentary 
Rocks” [Shrock (19466: 1231; 1948)]. 

37. Textural Variation in Conglomerates.—It may be possible to 
determine order of succession in a sequence containing a conglomeratic 
unit by noting whether or not the conglomerate exhibits an abrupt contact 



Fio. 28.—Textural variation in a coarse con¬ 
glomerate lying unconforinably upon an 
ero<lcd substratum. Note that the com¬ 
ponents decrease in size upward from the 
unconformity. The boulders and pebbles 
may be composed of the same rock as that in 
the substratum or of other kinds. A marble, 
quartzite, or argillite substratum can yield 
boulders, whereas u schist, gneis.s, or slate is 
not so likely to yield large fragments because 
of the ease with which they can be dis¬ 
integrated. (Art. 37.) 







Possibly Partly fragmental I Dominantly fragmental 

fragmental | 
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A Classification of Sedimentary Rocks 


Nature of sediments 

Sedimentary rocks 

Angular particles more 
than 2 mm. in greatest 
dimension 

Rubble composed of sharpstones 

Sharpstonc 

CONGLOMEHATE 

Rounded particles more 
than 2 mm. in greatest 
dimension 

Gravel composed of roundstones 

Roundstone 

Angular and rounded par* 
tides of rocks and min* 
emls ranging in greatest 
dimension from 2 mm» i 
to 0.06 mm^ 

Volcanic fragments * T\iff 
Mixture of rock and mineral frag¬ 
ments 

Quarts -f Feldspar 

Quarts + other minerals in large 
amount 

Quartz + other minerab in small 
amount 

Tuffstoiie 

Graywackc 

.Arkose 

Normal 

Quart rose 

SANDSTONE 

Rock and mineral parti¬ 
cles ranging in greatest 
dimension fromO.06 mm. 
to 0.001 mm. and col¬ 
loidal particles less than 
0.001 mm. in greatest 
dimension 

Volcanic ash 

Silt particles — 0.06 to 0.001 mm. 
Clay materiab less than 0.01 mm. 
Silt + Clay + Water = Mud 

Ashstone 

Siltstone 

Claystone 

Mudstone 

• 

SHALE 

Fe^ and Fe^I compounds 
precipitated inorrani- 
cally and organically as 
concretions, nodules and 
layers 

Impurities commonly 
present in the layers 

Iron concretions 

Iron compounds + mud, silica* 
etc. 

Concretionary 

Precipitated 

IRONSTONE 

Dominantly 1 1 

precipitated | Partly precipiuted Ij 

Siliceous inorganic frag* 
ments less than0.06 mm. 
in greatest dimension 

Siliceous organic hard 
parts and their frag* 
ments 

Silica precipitated as 
odlitee, pisolites^ etc. 

Silica precipitated from 
suspensions and solu* 
tions 

Inorganic fragments 

Diatom frustules, radiolarian 
skeletons and sponge spicules 

Siliceous concretions 

Chert, flint, sinter, etc. 

Fragmental 

1 

Concretionary 

Precipitated 

SILICABTONE 

1 

Plant structures—spores, 
fronds, leaves, wood, etc. 
Inorganic sediment 

Waxes, resins, etc., from 
' decomposition of plants 

Plant debrb; inorganic impurities 

Plant fluids 

Coal 

Calcite and Aragonite fragments 

Calcareous organic bard parts—shells, exoskcletons, plates, 
spines, and fragments 

Organically and inorganically precipitated concretions 
Inorganically precipitated CaCOi—Evaporation, etc. 
Organically precipitated CaCOi—(1) by NHi from decom¬ 
position; (2) loss of COt to plants; etc. 

Fragmental 

Concretionary 

Precipitated 

LIMESTONE 

Dolomite fragments 

Dolomitized organic hard parts 

Dolomitic concretions 

Inorganically precipitated dolomite 

Organically precipitated dolomite 

I'ragmental 

Concretionary 

Precipitated 

DOLOSTONE 

Fragments of anhydrite, gypsum, halite, alkali, nitrate call* 
cbe, etc. 

Fragmental 

8AL1NA* 

6T0NB 

Evaporites—minerals 
precipitated during 
evaporation of saline 
waters 

Anhydrite 

Gypsum 

Chlorides 

Nitrates 

Other rare salts 

Precipitated 

Anhydrock 

Gyprock 
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along one surface and a gradual decrease in size of fragments from that 
surface through the layer (Fig. 28). Although there are exceptions to 
this rule [Twenhofel (1936:677-703)], the general condition, as pointed 
out by Twenhofel (1932:210), is that “the base of a conglomerate is 
usually more sharply limited than the top, since the conglomerate 
grades upward to finer sediments.” 

38. Uneven Base of Some Conglomerates.—The base of certain 
types of conglomerates is likely to be uneven, as compared with the top 
of the same unit, and this condition should be true generally whether the 
conglomerate is widespread or local. Continental conglomerates are more 
likely to rest on irregular surfaces than are marine ones, for a stream hav¬ 
ing enough competency to carry coarse pebbles and boulders also has 



Fio. 29.—ConRloineratc and san«>8tone sequence as exposed near the cros-sinR of Washington and 
Morton Street^t. Dorchester, Mass. One good example of srour*and^fiIl structure and two prominent 
gravel-filled chani^Ls are present in the sandstone. The larger boulders tend to be concentrated in 
these channels. The uneven base of the higher conglomerate is a common feature and contrasts 
with the more even top of most conglomeratic layers in the vicinity. (Art. 38.) 


enough erosive power to excavate the surface materials differentially, 
especially if the latter are unconsolidated gravel and sand. In the later 
stages of gravel deposition, the stream’s competency decreases vith loss 
of volume and velocity, so that the last materials transported are finer in 
grade and make a relatively smooth top to the conglomerate layer. 

The uneven base of conglomerates has been observed repeatedly in 
many stratigraphic sections in the United States and abroad, e.g., in 
the Roxbury conglomerate and Squantum tillite of the Boston region 
(Fig. 29), in the several conglomerates of the Narragansett Basin; and in 
the much folded Tertiary beds of Haiti and of the Dominican Republic 
(Figs. 17, 18). It is undoubtedly a feature of common occurrence and 
should be expected in ancient gravel deposits of any age. 

39. Residual Basal Sharpstone Conglomerates.—The basal part of a 
sedimentary sequence commonly consists of a sharpstone conglomerate, 
which, in its typical development, v'aries in thickness and grades from 
coarse texture at the base to finer texture at the top. Such conglomerates 
can be formed in several ways. 
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A terrane that has undergone a prolonged period of weathering witli- 
out appreciable accompanying erosion is characteristically covered by a 
veneer of blocks, slabs, and generally angular fragments of the underlying 

rock, together with similar fragments of more resistant nodules or layers 

% 




Sf. Louis cherfy limestone 


B 


CouTitzy of C, A. Molott 

Fio. 30.—Residual sharpstone conglomerates. A. Karst surface developed on a cherty limestone A 
thin veneer of residual soil and chert fragments covers most of the surface. It is thinnest on the higher 
areas and thickest in the solution sinks and other depressions. In the later stages of the karst when 
there is little relief, most of the surface is likely to be covered with residual material. Ancient buried 
surfaces of this kind have been discovered recently in drilling for oil. B. Re.sidual chert rubble, derived 
the underlying St. Louis limestone, forms a basal sharfistoiie conglomerate at the base of the Ste 
Genevieve limestone. Upward the chert fragments decrea.se in size and number. The bedding is 
essentially horizontal. The photograph was taken in the Cumberland Caverns. Sloans Valley 5 miles 
southeMt of Burriaidc. Pulaski County. Kentucky. As indicated in the diagram at the right, the top 
of the St. Louis IS only a few feet below the base of tho photograph. The sharpstone zone ranges in 
thickness from 2.6 to 4.5 m. (8 to 14 ft.). (Art. 39.) ^ 


(e.gf., chert), released from the parent rock as it dissolved (Figs. 30, 31). 
If surficial mantles like these become cemented and presented as the basal 
phase of the covering formation, they indicate by their lithological 
nature that they were derived from the underlying rock, through weather¬ 
ing and slight erosion, and that they are therefore younger than the rock 
on which they rest. 

Surficial accumulations such as those just described are common and 
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Confact and partial 
inters+itial cementation 
Fragments are coated 



Partial cementation 
of interstitial and 
larger frc^gments 

D 


Interstitial cementation 
complete;cement calcareous 
or ferro*aluminous 


B 



6 


Angular fragments after release from porent rock 
and during transport; no important cementation 

A 



Fio. 31. Diagrams showing the development of three types of basal sharpstone conglomerale.s 
T weathering and disruption of massive Eocene limestone near Mont 

La SeUe, Haiti. (Art. 39.) {Modified after Shrock, 1946a. Indiana Acad. Scu Proc., 66: 107. Fio- D 


are referred to frequently in conventional descriptions of geological con¬ 
ditions. Leith (1925; 513-523) mentions them in discussing the silicifi- 
cation of erosion surfaces, and Kerr (1881; 345-358) and Sharpe (1938: 21 
-48) point out their importance as surface deposits. The author has 
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observed red clay-chert mantles over deeply weathered limestones at 
many places in the Appalachian Valley and in the karst belt of Indiana 
and Kentucky. Similar cherty mantles are common in the lead and zinc 
district of Missouri. The surface of karst areas in tropical regions is 
characteristically covered with red soil or limestone nibble, and similar 
material should be expected along ancient karst unconformities. 

Professor C. A. Alalott of Indiana University has called the attention 
of the author to an instructive example of a residual basal sharpstone con¬ 
glomerate that he found while mapping the Cumberland Caverns in 
Sloans Valley near Burnside, Ky. In the wall of the cave he found a 
prominent chert rubble at the base of the Mississippian Ste. GeneWeve 
limestone w-here that formation rests unconformably on the irregular 
surface of the cherty St. Louis limestone, also of iMississippian age. 
(Fig. 30B). The chert fragments, derived from the older limestone, are 
concentrated in the basal meter or so of the younger and decrease upward 
in number as well as in size. They are strewm out along the bedding, 
thus affording evidence of some transport. 

A striking example of an ancient karst topography, w’hich is now 
buried beneath a thick section of Pennsylvanian sediments, was recently 
described by Waltem (1946: 660-710) from Barton County, Kansas. 
Many of the sinkholes and other depressions on this old surface contain 
deposits of residual and transported debris originally derived from the 
w'eathering of the rocks exposed at the time the topography w^as formed. 

40. Penecontemporaneous Sharpstone Conglomeratic Zones.—A 
second type of sharpstone conglomerate is that formed by fragmentation 
of the upper part of a deposit w'hile the material composing it is still 
essentially unconsolidated. 

Under certain bottom conditions, partly indurated muds, silts and 
calcareous materials, and incipiently cemented sands are ripped up by 
unusually strong tides, tsunamis,^ storm waves and storm-produced 
currents, and other similar phenomena which cause temporary depression 
of the base level of submarine erosion (Fig. 32). The disturbed bottom 
materials ultimately come to rest on the reestablished bottom of deposi¬ 
tion as a brecciated mass wth chaotic arrangement of fragments. The 
larger and heavier fragments settle first, making the coarser basal part 
of the deposit; the finer fragments and particles settle last, making the 

* Tsunamis—the pow'erful waves of translation produced by submarine earthquake 
shocks—may rip up sediments on shallow bottoms (/.e., on the continental shelf as 
well as in the shallower littoral zone) and transport them seaward. As soon as the 
waters have quieted, the transported materials sink to the bottom, which may be far 
below the reach of ordinary waves, and there make a vertically graded series of clastic 
materials, coarsest at the base and finest at the top. Such series should be sought 
especially m offshore deposits. 
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finer upper part of the deposit. The finely comminuted material, 
together with the sediment that is brought in and deposited later, filters 
down into the interstices between the angular fragments, and the two 
ultimately serve as a cement for the brecciated mass (Fig. 33). 

Sea level 


Depth of normal wave action 


Depth of storm wave action 



shariwtonc conRiomerate can be produced 

n T”: of normal wave action and rip 

dxTwi? . in. ..rated eubatratum. The fraementa so produced are transported locally and 

t...xe<l «,th whatever sed.n.ents are broucht in by the storm waves. The deposit thus made rests 
unconforinably upon the ero<led substratum, and its constituents grade upward from coarse fragmenta 

LZZ Whh'fif The congTomerate Conwe 

3 Mo ndicRt^ how rf«S‘ oMt. <he substratum have been given an initial dip of abo.it 

3 to indicate how part of the bottom may escape erosion while an adjacent area is eroded. (Art. 40.) 

Certain brecciated layers (sharpstone conglomerates) and some so- 
called “intraformational” and “edgewise” conglomerates probably were 

formed in the manner just described. 
If they were, their texture and inter¬ 
nal structure should furnish the clue 
necessary to establish which is the 
top of the brecciated body. 

This sedimentary feature must 
be used vdth considerable caution, 
however, for it is first necessary to 
establish that the bottom sediments 
were fragmented under conditions 
favorable for settling and crude sort¬ 
ing. Brecciated lenses, wedges, and 
layers formed in the manner just 
described should grade laterally and 

, ... upward into normal sediments— 

ca careous ma enal, muds, silts, and sands. Downward they should 

be shai-ply separated from material Uke that of which the constituent 
tragments are composed. 


'. : • •' M .^Tv: : •. ': r; ; 'V ' 



Fio. 33.—Diagram illustrating the gradual 
upward decrease in size and number of frag¬ 
ments in a sharpstone conglomerate derived 
from the materials of the substratum. The 
base of such sharpstone layers is usually marked 
off sharply, and the upper boundary is uneven 
because of the scattered fragments. Compare 
this diagram with Fig. 34. (Art. 40.) 
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41. Imbricate Structure at Base of Conglomeratic Zones.—The larger 
platy fragments of thin conglomerates intercalated with other sediments 
commonly exhibit conspicuous imbrication (Fig. 34). The slabs are 
inclined upstream and may touch or be separated by sand and other 
sediment. Coarse gravel or sand may be concentrated in a small pocket 
at the base of the inclined fragment. This deposit represents matei-ial 
that was too coarse for the current to wash out by its turbulence on the 
downstream edge of the inclined fragment. 



Fio. 34.—Imbricated sandstone slabs constituting an intraforrnational sharpstone conglomerate in tl.e 
Upper Cambrian Drcsbach (Galcsville) sandstone near Coon Valley, Wisconsin. The base of the con¬ 
glomerate is rnarked by the three largest slabs. Upward the sharpstones are much smaller. The 
conglojnerate lies in the midst of a fairly massive sandstone and appears to have been formed by the 
l>enecontemporancous fragmentation of a few layers of fairly well cemented sand. The rule is 17.5 cm. 
(7 in.) long. (Arts. 40, 41.) 


The base of this kind of deposit tends to be rather sharply marked off 
from the underlying sediment by the abrupt appearance of platy frag¬ 
ments. Upward the conglomerate usually shows considerable variation 
in thickness, depending on the original supply of fragments. The inter¬ 
stitial sediment is likely to vary greatly in texture. In general, however, 
it becomes less variable upward, and fragments likewise decrease grad¬ 
ually in size and number in that direction. The author has observed 
this imbricate structure in Upper Cambrian strata of both Wisconsin (Fig. 
34) and Vermont (Fig. 168), and it probably is of common occurrence. 

The mode of formation of imbrication such as that just described is 
not certain. Field evidence in some exposures indicates that a sand- 
transporting current ripped up partly indurated mud bottoms and then 
imbricated the platy fragments. Certain controversial “edge\vise” 
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conglomerates ma}'’ have been formed in this way, but others that have 
been described clearly require a different explanation. 

42. Residual Basal Roundstone Conglomerates.—Partly exhumed 
monadnocks rising above ancient surfaces of weathering and erosion 
commonly have on their flanks great wedgelike masses of conglomerate 
composed entirely of boulders derived from the hills themselves. These 
deposits have been called “plaster” conglomerates, and the term is not 
inappropriate, for they truly are plastered against the old hill slope 
(Fig. 35). Not uncommonly the boulders of such conglomerates are of 
gigantic size and could not have moved far from their source; yet they 



Fio. 35. Diagram showing the sedimentary fneies in a series of elastics deposited offshore from an 
island. The thick conglomerate, which lies directly u|)on the granite, climbs the stratigraphic section. 
At any given level in the conglomerate the components are ol.lcr than the sediments present offshore 
at the same level because of the strong initial dip. Although the conglomerate forms a steeply inclined 
layer that is plastered against the old land mas.s. its bedding diiw gently away from the granite. The 
diagram is based on the relations of the Pondville conglomerate an<I Wamsutta red beds to the Quincy 
granite along the south slojic of the Blue Hills in eastern Massachusetts. Many of the larger boulders 
near the granite have long since been weathered to roun<lcd forms by spheroidal weathering of somewhat 

^ formed a great talus deposit at the base of a steep granite slojie. 

(Art. 4^.) 


are fairly well rounded. It seems likely that weathering, more than 
erosion during transportation, produced the rounding. 

Conglomerates of this type form sheets of variable thickness on the 
flanks of the hills from which they came and may even completely cover 
them. They cut across all bedding and other structural features in the 
hills, hence, their basal relations are almost certain to be those of angular 
unconformity (Art. 21). Considered as a layer, the conglomeratic mass 
also climbs the stratigraphic section and at any given time level grades 
laterally into other kinds of sediments (Figs. 35, 36). 

Conglomeratic bodies of this type are significant and important 
because they reveal so much of the destructional history of mountain 
roots and of the history of the time during which the roots were buried. 
Local studies usually are sufficient to establish the true relations of this 
type of conglomerate, but if these prove inadequate it may be necessary 
to conduct regional stratigraphic and structural investigations. 

43. Basal Mixedstone Conglomerates.—The broadly spread basal 
conglomerate that covers a regional unconformity is usually a mixture of 
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several kinds of boulders, for its materials were gathered from different 
lithologic terranes. Long-traveled fragments are well rounded, whereas 
those derived from near-by sources are little rounded or angular. Hence 
the final deposit consists of both sharpstones and roundstones and is 
therefore a mixedstone conglomerate (Fig. 37). 

Mixedstone conglomerates may also be expected in sequences flanking 
old mountain ranges of complex lithology and in ancient glacial com¬ 
plexes (Art. 44). Whatever their nature, however, they rest on an old 
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Fio. 36.—Basal quartzite roundstone conislomerates of Cambrian age resting with angular unconformity 
on folded PrO'^Cambrian quartzite beds from which they were derived. The conglomerate grades 
upw*ard through sandstone into siltstone. ^4. Ableman*s Gorge in the Baraboo Range. Wisconsin. 
B. Devil's Lake, in the Baraboo Range, Wbconsin. The largest boulders exceed a meter in diameter. 
The rounding of the boulders is ascribed to the erosive action of waves that pounded against the ancient 
quartzite hilU. Most of the boulders were derived locally. (Art. 42.) 


erosion surface and are indicative of extensive rock destruction in adja¬ 
cent regions. 

44. Tillstones, Tillites, and Their Substrata.—Tillstones and tillites 
resting on a planed and grooved substratum are known to be present in a 
few scattered localities [Coleman 1926:122).^ If the substratum and 
superincumbent conglomerate were rotated into a steeply inclined or 
vertical position, the relationship just described would indicate the order 
of succession of the contiguous rocks, but care would be necessary to 
differentiate the relationship from a somewhat similar one that might 
occur along a steeply inclined fault plane. Longwell, Knopf, and Flint 
(1939: 336, Fig. 224) describe and illustrate such a fault from the Spotted 
Range in Nevada.’* If there is doubt about the relation of conglomerate 

^ Du Toit (1939, Plate 24) illustrates the Permian Dwyka tillite resting on a smooth 
striated floor of diabase at Nooitgedacht, near Riverton, in the Kimberley district of 
Rhodesia, and there are probably other examples fully as spectacular. 

* Their Fig. 224 on p. 336 bears the following caption: “Part of an old fault surface, 
with slickensides, uncovered by erosion. The striations and flutings indicate that the 
movement was directly down the dip of the surface.” 
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and substratum, the presence of gouge material, friction breccias, drag 
folds, and other dynamically produced features should suffice to identify 
the polished and grooved surface as one produced by faulting. 

46. Characteristics of Coal Sequences.—Coal sequences offer many 
problems to stratigraphers and to structural geologists because of their 
great lithological diversity and the relative ease with which the different 
beds deform during folding. In regions of folded coal-bearing strata an 
investigator must closely observ'e the order of succession of beds, for the 

_ sequence commonly has top 

Shale 

”4 


and bottom significance. Un¬ 
conformities that are common 
and likely to be conspicuous 
locally should be sought. 
Individual coal seams may 
exhibit compositional varia¬ 
tions across the vein, and 
commonly they contain inter¬ 
nal lithological and structural 
features that can be used as 
top and bottom criteria. In¬ 
asmuch as coal-bearing strata 
are intensely folded in many 
parts of the world {e.g., Af>- 
palachian Valley of the United 
States, Cape Breton Island 
in Nova Scotia, Belgium, and 
Germany), the geologist who 
is called upon to determine 
the structure of coal veins in 
these regions aWU need to take 


... •' ■ 



Fig. 37. —Diairram of a conglomerate with heterogeneous 
components. In this kind of conglomerate it is impor® 
tant to determine the lithologic sequence of the boulders 
since they can be used to determine the date when cer* 
tnin formations were first ero4led, when igneous masses 
were unroofed* etc. Here the sandstone was first 
eroded and boulders of the rock incorporated in the basal 
part of the conglomerate (1). Then followed a period 
w'hen marble and slate boulders and pebbles were brought 
in (2)« The last components to come in were quartzite 
boulders, quartr. fragments, and large masses of granite 
(3), Inasmuch as the period of gravel deposition ended 
with sand followed by mud deposition, it is to be con- 
eluded that after the batholith had been uncovered the 
local conditions rhansed and erosion of the land produced 
only finer elastics, (Art. 43.) 


advantage of every feature of the coals and their contiguous strata in his 
investigations. A few of these features are considered briefly in foUowng 
paragraphs. 

46, Roof and Floor of Coal Beds. —The stratigraphic position of 
a coal bed, with reference to underlying and overlying lithological units, 
in a typical cyclothem is fully discussed in Art. 19 and need not be 
considered here. The generally expected relations are well stated by 
Stutzer and No6 (1940: 211, 213) as follows: 


The rocks overlying bituminous beds are usually very uniform, thinly lami¬ 
nated, and of dark color. Well-preserved plant fossils are commonly contained 
in them. 
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The rock beneath the coal bed is less uniform. It is lighter than the roof. 
Well-preserved plant fossils are rare, but roots are commonly present. 

Wlien the coal is mined, the roof rock usually breaks into parallel slabs; the 
floor rock, into irregular pieces, like soil. These are only general characteristics 
of roof and floor material. In particular, every seam has a distinctive variety 
of floor material. 

In North American coal sequences, coal beds, as Wanless points out 
in his letter quoted in Art. 19, 

. . . almost always have an underclay, or a shale, siltstone or sandstone floor 
which contain stigmaria and other root traces. Such material may form the 
roof of a coal bed, especially if the coal is split into several benches, in which case 
the underclay of one bench may serve as the roof of the next lower one. Lime¬ 
stones are almost never present below coals and in the very few cases where I 
have found them in that position they also contained root impressions along with 
the marine fossils. In the Appalachian coal field, the roof of at least tlie ui)per- 
most bench of a coal is very commonly either a well laminated shale which con¬ 
tains stem or leaf impressions or an unconformable sandstone. . . . 

[See also Wanless (1934: 115-116) and Grim (1939:1998).] 

In one area in southwestern Indiana thin irregular coal beds rest 
directly on an undulating sandstone surface and in another on an eroded 
limestone (Fig. 38). The literature on coal contains references to many 
other kinds of material known to lie directly beneath coal beds [Twenhofel 
(1932: 355-357)]. 

In sequences of intensely deformed coal-bearing strata, therefore, 
the relations of a coal seam to adjacent beds and to the lithology of those 
beds may indicate the top or bottom of the sequence. Wanless (see 
letter quoted in Art. 19) recently called the author’s attention to an 
example of completely inverted strata in a Pennsylvania anthracite 
mine. The inversion was discovered by noting the relation of coal to 
underclay and to overlying black shale with pyritic concretions. 

47. Relations of Coals to Contiguous Strata. —Coal beds and 
the adjacent strata associated with them exhibit an amazing diversity of 
structural and sedimentary unconformity (Figs. 38, 39). Furthermore, 
coal seams themselves contain many unusual structural features which 
prove that coal is easily deformed and that the deformation can be 
carried to such extremes that the material flows readily under differential 
stress. Some of the deformation was essentially contemporaneous, some 
took place shortly after the coal layer was covered, and some was much 
later [Stutzer and No6 (1940; 331-334)]. 

A few of the many instructive relations of coal beds that are particu¬ 
larly pertinent to the purpose of the present work are discussed in 



76 


SEQUEXCE IX LAYERED ROCKS 


following paragraphs, but anyone who plans to do geological work in 
a coal-bearing region should fii'st acquaint himself with such standard 
works on coal as those of Ashley (1899), jNIoore (1940: 228-250), Stutzer 
and No4 (1940), Thiessen,^ Stevenson, David White, and others. 

48. Vertical Compositional Variation in Coal Beds. —Brief 

notice should be taken of the 
possibility that there may be 
vertical compositional varia¬ 
tion in some thick beds of 
coal. It has been reported 
that the lower part of a thick 
seam is quite likely to be con¬ 
siderably more woody in na¬ 
ture than the upper part. 
Furthermore, Stutzer and No4 
(1940: 229) cite a sequence of 
nine coals in which the gas 
content on a pure coal basis decreases downward from 33 to 27 per cent. 
There are probably other compositional variations that might have top 
and bottom significance, but this general subject has not been investi¬ 
gated in the present work. 



Fio. 38.—A miniature coal basin in a depression eroded 
into Pennsylvanian limestone. The lenticular coal scam 
lies at the base of the Merom sandstone and is exposed 
near Merom, Indiana. The basin is about 5 m. (IG ft.) 
across, and the coal seam at the thickest point about 
0.3 m. (I ft,). (Arts. 4G, 47, 132.) {ModifieA after 
Kindle in Ashley^ 1899, Indiana Dtpi, Oeol. Nat. Reeourcee 
Ann. Rept,, 23: 909, Fig. 025.) 



Fiq. 39.—Relations of coal beds to contiguous strata (Arte. 47. 147). A. Sandstone "roll,” or channel 
eiling (much reduced), that apparently was formed during or soon after deposition of the coal. The 
subsequent shale arches gently over the sandstone body and shows no evidence of deformation. There 
should be deformation d the sand had been deposited on mud. and the shale laminae should be Hat and 
cut out if the sand had been deposited in a channel eroded into shale. B. Sketch showing marginal 
relations of a 1.2-m. coal bed in one of the German coal basins. The coal bed lies upon stigmarian shale, 
mterfingors laterally with cross-laminated sandstone, and is overlain by massive sandstone. (A adapted 
Rom AehUv. 1899. Indiana Dept. Geol. Nat. Reeoureea Ann. Rept., 23: 47, Fig. 8. B after Kukuk, 1936. 
GlUckauf, 72: 1026, Abb. 15.) 

49. Seasonal Banding in Carbonaceous Sandstone.—At the 501 st 
meeting of the Washington Academy of Sciences, David White (1933: 567 
-568) is reported to have “ . . . exhibited specimens 

* Consult this author’s name, and those which follow, in the several bibliographies 
of the U.S. Geological Survey—Bu«s. 746, 747, 823, 937, 938, and 949—for many 
ifnport&nt &rticl6s on coni nnd coal-bcnring strain* 


of layered grits of 
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Lower Pennsylvanian age from Orange and Perrin [Perry] counties, 
Indiana,” which were described as follows: 

Lighter colored layers, about ?8 inch thick, which are used in the manufacture of 
whetstones, are separated by thinner 
zones in which there are two dark 
bands richer in carbonates and organic 
matter. The dark bands, correlated 
by Dr. White with times of slack 
sedimentation, are believed by him 
to reflect a seasonal hot dry climate, 
since xerophytic plant fossils are 
found associated with them [Fig. 40]. 

Griswold (1892: 158) and 
Kindle (1895: 349) had previously 
described these unusual whetstone 
rocks, ^ and it w’ould appear from 
their descriptions that the layers 
not only have a double band of 
carbonaceous matter in the upper 
part but also grade from fine sand 
at the base to argillaceous mate¬ 
rial in the top portion (Fig. 40). 

This unusual example of possible 
seasonal banding may have been 
formed in somewhat the samew’ay 
as the lamination reported by Johnston (1922:115-129) in the subaqueous 

* Griswold (1892: 158) studied the fine-grained sandstone in thin section mid 
reported on it as follows: 

Specimen yellowish gray in color, homogeneous, and presenting the appearance of a very 
fine-grained sandstone. A few cavities exist between the grains. Small quartz grains .02 
mm. in diameter constitute the greater part of the groundmass. The uniform size of the 
quartz grains is remarkable; there are no large grains of quartz, but some of the small ones 
are thick enough to give low polarization colors. Besides the quartz there is much iron and 
earthy material, and a little muscovite mica present. The earthy material and iron are in 
small masses about the size of quartz fragments, and it is undoubtedly the large amount of 
these substances present which gives the stone its softness, though at the same time the 
iron acts as a cement to bind the grains of silica together. 

Kindle (1895: 349) described the rock as follows: 

. . . the stone is a bluish-gray color, and contains some argillaceous matter with very thin 
layers of clay between the strata. The surfaces of the strata have the rough or Avavy 
appearance of ripple marks. The upper surface of the layer is always slightly softer than 
the lower. This fact is recognized and taken advantage of by the quarrymen, Avho always 
rule the slab with a scribe awl on the upper surface. The greater softness of the upper 
part of the stratum is probably due to that portion containing a larger per cent, of earthy 
matter than the lower. 



Fig. 40.—Hindostan whetstone rock from Pennsyl¬ 
vanian Mansfield sandstone of Indiana (X2 ). The 
individual layers show coarse texture in the lower 
three-fourths; this grades upward into much finer 
and lighter colored material of argillaceoii.s nature. 
The top is marked by a single or double film of 
dark-colored carbonaceous matter, which David 
White (19.3.3; 567-568) bos ascribed to seasonal 
changes. (.Art. 49.) 
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topset beds of the Fraser River delta. In the deltaic deposits thin layers 
of vegetable matter alternate with tidal laminations formed during 
freshets, which brought in silt and fine sand. The bipartite laminae, 
which are interpreted as seasonal deposits, average about 50 mm. (2 in.) 
thick. 

60. Vertical Variation in Texture of Medium- and Fine-grained 
Clastic Rocks.—One of the most widely used sedimentary criteria for top 
and bottom determination in clastic rocks of medium- to fine-grained 
texture is graded bedding, or the gradation in texture from coarse at the 
base to fine at the top within a single bed. The use of this feature in 
coarser elastics is discussed in Art. 37. Here we shall consider sediments 
in the sandstone and shale ranges of texture. 

The principle of graded bedding may be stated as follows: In a single 
Inpartite layer, the texture grades Jrom coarse in the lower part of the stratum 
to fine in the upper part, the finer upper part ending abruptly against the 
coarse base of the next overlying layer. Textural variation of this sort 
occurs in all types of clastic sedimentary rocks from conglomerates to 
claystones and is developed on a scale ranging from microscopic to grossly 
macroscopic. Where repeated many times in an unbroken succession, 
the feature is obviously due to repetition of similar conditions of deposi¬ 
tion. Ihe ultimate cause of the repetition has been ascribed to seasonal 
changes, rhythmic rise and fall of sea level, tidal variations, periodic 
earthquakes* and seaquakes,and other less probable phenomena. To 
judge from the different aspects of graded bedding, it seems likely that 
more than one cause can produce it. 

When used with discrimination and with an understanding of its 
limitations, textural variation of the graded bedding type is a reliable top 
and bottom criterion. Used indiscriminately, however, it is almost 
certain to give confusing and perhaps even erroneous results. A case in 
point is cited by Cooke (1931: 71-74)3, who found the texture of certain 
coarse Cambrian quartzites to grade from fine at the base of a layer to 
coarse at the top the reverse of the normal textural profile in graded 

1 Deny (1939: 133) recently suggested that the graded bedding of the Pre-Cam¬ 
brian Tuniskaming graywackes of Canada “ ... might be due to earthquakes accom¬ 
panying geosynclinal deposition.” 

* Bailey (1930: 89) has suggested “ . . . that graded sandstone beds are often the 
records of sea-quakes (movements communicated to sea water during disturbances of 
the bottom). The coastal fringe of unconsolidated current-carried sand and mud 
would provide a source for the material.” 

“ Cooke (1931: 71) seriously questions the reliability of the generally accepted rule 
that, when a sedimentary bed varies in grain from coarse on one side to fine on the 
other, the coarse-grained side was the bottom, the fine-grained side the top,” for he 
found the reverse to be true in beds of the supposed Cambrian Caldwell quartzite of the 
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bedding. From this he pertinently emphasized that graded bedding can 
be relied upon for top and bottom determination only in those formations 
having a succession of laj'^ers showing concordant textural change. In 
addition to this important warning, another should also be heeded. It 
should always be established that the textural variation present in a layer 
is original and the result of deposition, for in some metamorphosed sedi¬ 
ments the grain-size variation has been reversed by development of large 

crystals in the finer, more argillaceous portion of the bipartite layer 
(Art. 260). 

61. Rhythmic Graded Bedding. —Uniform and constant textural 
variation in each layer of a sequence of medium- and fine-grained clastic 
sedimentary rocks can often be used successfully to determine the order 
of succession. Typical graded bedding is best developed in single bipar- 


Thetford district, Quebec. Individual layers of pebbly to coarse or coarse to fine 
quartzite, ranging in thickness from a few centimeters to a meter (“a few inches to 
several feet thick"), alternate with layers of slate up to 0.3 m. {1 ft.) thick, and the 
whole sequence is closely folded, with some dips vertical. 

He found that textural gradation in the quartzite layers gave ev’idence diametri¬ 
cally opposed to that indicated by drag folds and cleavage-bedding relations. Because 
of this disparity, Cooke (1931: 73) states: 

... we can only conclude, therefore, that in the deposition of moderately thick l)eds of 
sediments such as these quartzites, conditions not yet understood may cause reversal of the 
normal variation of grain between top and bottom. This being the ease, it is evident that 
Jt is unsafe to use variation of grain as evidence for structure, unless thoroughly checked by 
the more reliable methods of drag-folds and cleavage-bedding relationships. 

Discussion at the time when Cooke read liis paper brought out the fact that P. S. 
Warren had observed similar texttiral gradation in flat-lying sedimentary rocks of 
Alberta. W. A. Johnson suggested that [Cooke (1931:73)1 . . the sequence of 

coarse to fine grain within a bed should be used for determining structure only in tljose 
beds whose material was all fine enough to bo taken into suspension in water.” Cooke 
(1931: 73) then adds that if this prove true, it will seldom be possible, from mega¬ 
scopic examination in the field, to distinguish the top and bottom of a bed by this 
means.” 

Barrel! (1917:803) long ago reported reversal of the normal ascending coarse to 
fine gradation in the rhythmically banded “ribbon slates” of Pennsylvania. These 
slates are characterized by regularly spaced bipartite layers consisting of a lower soft 
black shale overlain by a layer of clear gray sand. Barrell concluded that the thyth- 
mic banding represented periodic storms which produced unusually powerful waves 
which stirred up the bottom. He was led to this conclusion by the experimental work 
of Kindle (1917c: 906-909), who had shown that if silt is allowed to settle, after being 
stirred up in fresh water, the coarsest particles are deposited first and the finest last, 
whereas, if the experiment be repeated in salt water, the order of deposition is reversed,' 
because the finest particles coagulate into masses (flocks), which settle quickly, so 
that the slimes are deposited first and the very fine sand last. This can hardly be 
an explanation of the case Cooke (1931:71-74) describes, however, because of the 
coarseness of the original sediment involved. 



80 


SEQUENCE IN LAYERED ROCKS 


tite layers or laminae. In each layer coarse material forms the basal part, 
beginning abruptly and grading upward into finer and finer material, 
whereas the finest material forms the upper part, grading downward into 
coarser particles and ending upward sharply against the base of the over- 
lying layer (Figs. 41, 42). 

Individual bipartite laminae and layers range from thickness so small 
that the variation is microscopic [Leith (1913: 132)] to units over 1.5 m. 
(5 ft.) thick [Read (1936:472—473)].* Sequences of rocks with graded 



tio. 41.—Graded bedding in the Carboni* 
ferous Cambridge ^halc-sandstone sequence 
lying upon the Squantum tillite in Boston 
Harbor, Massachusetts. Thin beds of well- 
graded sand and silt alternate with layers of 
siltstone and uniformly textured sandstone. 
Each of the layers exhibiting graded bedding 
is sharply separated from the underlying 
shale or fine sandstone and grades from 
coarsest material at the base to finest at the 
top. In some exposures the sandstone layers 
grade upward into siltstone without a con¬ 
spicuous break. In some parts of the same 
sequence as many as a dozen layers with 
graded bedding may succeed each other with- 


bedding have been reported as thick 
as 10,000 m. (over 30,000 ft). The 
Pre-Cambrian Halifax formation of 
Nova Scotia is reported by Beylea 
and Scott (1935: 225) to have such a 
thickness and to “ . . . have been 
laid down in a broad sinking geosjm- 
cline,” which received seasonal floods 
of sand and silt that were deposited 
under shallow-water conditions to 
form the succession of classified lam¬ 
inae. The laminae themselves aver¬ 
age several centimeters in thickness. 
Douglas, Milner, and MacLean (1938; 
37-38) measured one sequence con¬ 
taining 684 bipartite layers and at¬ 
tempted a statistical analysis of these 
to determine whether or not they 


‘ ^’^hibited any periodicity like that in 

varves, growth rings of trees, and 
sunspots. Their results were inconclusive other than to support the 
hypothesis of seasonal deposition. 


Theoretically, particles in a mobile medium should come to rest with 
those of similar size and shape or weight settling together, the coarser and 


> Graded bedding in unusually thick strata is well developed in the highly altered 

Dalradian rocks (Pre-Cambrian) of Banff, Scotland. Read (1936:472-473) states 

that, in a series of coarse grits and andalusitc schists dipping steeply to the east and 
southeast, 


. . . the western edge of each grit band is coarsely pebbly, and that toward the east in each 
band the pebbles become finer and that at the east margin of each bed a few crystals of 
andalusite appear. The change in grain-size and abundance of pebbles takes place per¬ 
fectly gradually from one side to the other of innumerable grit bands up to 5 feet in thick¬ 
ness. This can be interpreted only as graded bedding, however disquieting the scale may 
be. . . . All the observations on graded bedding in grits hereabouts point to an upward 
succession towards the east or east-south-east. 
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heavier going down first and the finer and lighter last. Hence, under 
ideal conditions (i.e., in a large body of relatively quiet water) graded 
bedding should form often. It should be least well developed on bottoms 
stirred up each time by the influx of sediment, as determined experi¬ 
mentally by Cox and Dake (191G: 50-52), and better developed in wind- 
laid ash and tuff deposits^ and should attain its greatest perfection in 



^ , Courtesy of J. Z). Allan 

JJQ. 42.—Graded bedding in graywacke of early Pre-Cambrian Yellowknife group of Wrav Lake area 
Northwest Territories. Cai^da. The tops of beds, as determined by gradation in grain she is in the 
direction of the arrow. J. D. Allan, who took the photograph, describes the outcrop L follows (nersonal 
conimumcation. Apr. 18 1941): “The rock U a fairly fincgraineil sediment. I b wellS^d a^in 

• H- thickness of the beds in this outcrop is aCt three to sJ 

inches as indicated by the scale of the compass. Each bed shows a gradation from a relatively coarse 

sandy phase to a 6ne sha y ph^sc. In general from three-fourths to four-afths of the bed b sandv 
material and the rest is shaly. The gradation from sand to shale b rapid in any one bed The reneated 
gradation IS believed to show a cyclic bedding of some sort, and the 6ner material b believed to indicate 
the tops of the beds. In many outcrops the gradation b evident, as the change in grain size can bfseen 

^hange^ h. g?afn":Le" wUht c^lor diff^renc^^.'^Vll^ ar^tl f 

whereas the sandy part contains grains of dctrital quartz ” wLre sericite. 

sives the textural gradation of thb rock b reversedTshown Z TtI (Inn?. 2627" 


sedimentary deposits laid down originally in quiet or but little disturbed 
bodies of water. 


When employed with discrimination, rhythmic graded bedding has 
been found to be a fairly reliable top and bottom criterion. There are 
some conditions of sedimentation, however, under which textural varia- 


summL nf 044 fK m ™ southwestern Mexico, in the 

IZZl t’ T ‘0 ‘>>0 volcano several 

exposures of ash showing excellent graded bedding. The individual layers, presum- 

bhek ToX T* 1 to 5 cm. thick and consisfed of a 

lav r ’ and a 1 It T “r more than half the thickness of the 

nto ;he fi T T basal part graded 

into the finer upper part m layer after layer. ^ ® 
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tion in contiguous strata can range from fine material below to coarse 
above. Therefore, the criterion should always be checked against other 
evidence if possible [see Kindle (1917: 907-908) and Twenhofel (1932:613 
-614)1. 

Graded bedding appears to have been first used early in the present 
century by both British and North American geologists investigating the 
Pre-Cambrian rocks of Scotland and of the Canadian Shield, respectively. 
Bailey (1930:85) states: “I first recognized graded bedding—and its 
significance as a criterion of succession—in a gritty quartzite ... in 
the Spring of 1906. ... I have never lost sight of this observation.” 
Leith (1913: 132) mentioned the feature in the first edition of his “Struc¬ 
tural Geology” in 1913, and 3 years later Cox and Dake (1916:50) 
stated that so far as known to them it was first employed some years 
earlier in northern Wisconsin under the direction of W. 0. Hotchkiss, 
state geologist. 

During the intervening years from these early citations to the present, 
graded bedding has been mentioned in countless publications by Canadian 
and American geologists^ but it does not appear to have been used abroad 
to any extent previous to 1927. In that year, the well-known Scottish 
geologist, E. B. Bailey, was invited by R. M. Field to join the Princeton 
Summer School in an excursion across Canada. During this trip Bailey 
(1930:77) had an opportunity to study the field use of both graded 
bedding and cross-lamination (current bedding), so that when he returned 
to Scotland, he immediately applied the criteria to determining the attitude 
of certain deformed rocks in the Scottish Highlands. Some 3 years 
earlier, in 1924, Vogt had studied these rocks in the field with S. Buckstaff 
and 0. N. Rove, two geologists from the University of Wisconsin, and the 
party had found many examples of cross-lamination which showed clearly 
and unequivocally that Bailey’s previously published section was 
inverted. Upon further field examinations, Bailey himself (1930: 77-92) 
applied the criteria of graded bedding and cross-lamination and readily 
accepted the conclusions of Vogt, Buckstaff, and Rove, meanwhile also 
publishing an excellent discussion of the nature and mode of formation of 
the two features. Since Bailey’s enthusiastic application of graded 
bedding as a top and bottom criterion, it has been referred to frequently 
by British and Continental geologists [Bailey (1930: 77-92; 1936: 1713- 
1726), Becker (1939: 6), and Hills (1930); see also Tanton (1930:74)]. 

^ Among the more important articles and reports are those of Barrell (1917: 799), 
Collins (1925:66-67), Tanton (1926:44r^5: 1930:74), Bailey (1930), Grout (1932: 
261), Allison (1933), Beylea (1935), Beylea and Scott (1935), Douglas, Milner, and 
MacLean (1938), Shenon and McConnel (1940), Gruner (1941: 1621), Lahee (1941: 
89-90), Nevin (1941), and Billings (1942: 72). 
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A few examples of typical graded bedding are cited here in order to 
present the general nature and distribution of the feature. 

Merritt (1934:365) reports that graded bedding is common in the 
Pre-Cambrian Seine elastics of the Rainy Lake and Seine River regions 
of Canada and that it proved a reliable top and bottom criterion, showing 
concordant results when checked against cross-lamination. Attention 
is called to the fact that graded bedding and cross-lamination do not occur 
together in the same bed, but rather in different though closely contiguous 
strata. Bailey (1930:84-85) had emphasized this fact earlier and had 
pointed out that, whereas the two sedimentary features do not ordinarily 
occur together, one may give way to the other or the two may alternate 
in successive layers. In his words (page 85), “ . . . graded bedding and 
current bedding are the distinguishing marks of two different sandstone 
facies, the one facies as important as the other.” Collins (1925:66) 
reports a variation of graded bedding in the Pre-Cambrian Gowganda 
formation as follows: 

The grey^vacke matrix is in regular layers usually about H-inch thick, but 
ranging from that down to of an inch. In some cases a coarse-grained layer 
alternates with a fine one, but ordinarily each layer is coarsest at the bottom and 
becomes steadily finer grained towards the top [Fig, 123]. This produces a 
structure comparable to the annual rings of wood, and gives rise on weathered 
surfaces to a delicate banding. . . . The lower part of each lamina is somewhat 
gritty or sandy owing to an abundance of quartz and feld.spar grains; towards 
the top the material becomes finer-grained and more like an indurated mud. 
This progression from coarse material upward into finer in each layer affords a 
means of distinguishing top from bottom in upturned strata. 

Bell (1929:23-24) describes the remarkable graded bedding of the 
Pre-Cambrian Halifax formation as follows: 

. . . a uniform sequence of fine, quartzitic, chloritic, and micaceous slates of 
prevailing dark green-grey colour, but with a marked rhythmic banded appear¬ 
ance due to rapid alternation of dark carbonaceous micaceous layers with lighter 
siliceous bands. The siliceous layers are commonly minutely crossbedded. 

Bell, like Beylea and Scott (1935:225) and Douglas, Milner, and Mac- 
Lean (1938: 34), cites the recurrent cross-lamination as evidence that the 
10,000-m.-thick section of elastics was deposited in shallow water in a 
slowly subsiding geosyncline, 

Ruedemann (1942:38) recently described a division of the Lower 
Cambrian Nassau formation of New York as “ . . . an endless repetition 
of greenish gray shales with thin greenish quartzite bands (from an inch 
to half a foot [25 to 150 mm.]). ...” Several rhythmically banded 
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formations with graded bedding are mentioned in the “Lexicon of Geo¬ 
logical Names” by Wilmarth (1938). 

62. Interrupted Graded Bedding. —Some sedimentary rocks have 

thin sequences of strata with graded 
bedding, alternating with thick or 
thin, uniformly textured beds of sand 
and silt. The two types of bedding 
are usually separated by local ero- 
sional unconformities. A succession 
of this kind is found in the stratified 
clastic beds overlying the Squantum 
tillite and in the Wamsutta red-bed 
sequence of the Narragansett Basin 
of Rhode Island (Fig. 43). It is 
believed to have been deposited in an 
environment where conditions favor¬ 
able for development of graded bed¬ 
ding were occasionally interrupted by 
erosion of the bottom. 

Interrupted graded bedding is just 
as useful as rhythmic bedding in 
determining order of succession and 
has been employed successfully in 
this way for structural work. Similar 
sequences of sandstone and shale, 
with some units showing graded bed¬ 
ding, should be expected in close 
association with ancient tillstones 
and tillites and in deltaic sediments. 

An unusual case of what appears 
to be excellently developed, inter¬ 
rupted graded bedding in laminated 
glacial sands, silts, and clays of the 
northern glacial drifts of Britain is, 
according to Carruthers (1939: 315- 
316), who has studied them in great 
detail, really a “pressed melt” pro¬ 
duced by shear. The graded layers 
are interpreted as “banded dirts” that represent “ . . . englacial 
detritus, released by the rising bottom melt [page 326].” Carruthers’ 
explanation is challenging and should be seriously considered by those 
interested in the study of laminated sediments in recent and ancient 
glacial complexes. 
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Fia. 43.—Interrupted graded bedding in 
Pennsylvanian Wamsutta formation along 
east side of Great Pond* Braintree, Mass. 
Conglomerate layers with graded bedding 
alternate with uniformly textured conglomer* 
atic and sandstone layers. A shale layer, 
midway in the section, interrupta the coarser 
elastics. The largest pebbles in the con¬ 
glomeratic layers rarely exceed 5 cm. (2 in.) 
in greatest dimension, and the sand particles 
range from very coarse to very fine. The 
graded bedding in this section is a reliable top 
and bottom criterion, for the direction of 
textural gradiation is the same in each of the 
several layers. (Art. 62.) 
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63. Varved Sedimentary Rocks.— Many Pleistocene glacial deposits 
of silty clays are composed of thin layers called varves that give the 
deposit a characteristic rhythmically banded appearance. Each varve, 
which is now generally accepted to be an annual layer, consists of a basal 
part of coarser material, deposited during the summer, which grades 
upward into a finer textured and somewhat darker colored part, which 


supposedly is the winter deposit. 
against the base of the next summer’; 
succession usually is obvious from the 
Pleistocene varved clays, and Sayles 
(1914, 1919, 1924, 1929) has demon¬ 
strated that the same textural varia¬ 
tion holds for the ancient varved 
slates associated with the Carboni¬ 
ferous Squantum tillite. 

There are many publications deal¬ 
ing directly or indirectly with the 
nature, mode, and environment of 
deposition, distribution, and geological 
significance of varved sediments and 
rocks. A few of these are cited here, 
but no attempt has been made to 
accumulate a comprehensive biblio¬ 
graphy. ^ It now seems to be generally 
accepted that varved sediments repre¬ 
sent sequences of annual deposits 
made in quiet waters of either fresh 
or brackish waters [possibly even salt 
waters; see Fraser (1929:49-60)]. 


'he finer material ends abruptly 
deposit (Figs. 44, 45). Order of 
texture in undisturbed sections of 



Fiq. 44. —Diasram showiiiK tlie typical 
bipartite or didactic nature of varves. The 
summer deposit S is coarse to fine silt; the 
winter deposit U’, very fine silt and some clay. 
The contact of the winter layer with the 
deposit of the preceding sumnier is somewhat 
transitional; with the succeeding summer 
deposit, sharp. Var\'c A shows a summer 
deposit of moderate thickness; B has the two 
parts nearly equal; C has a considerable thick¬ 
ness of summer deposit as compared with that 
of winter. In general the thickness of the 
summer deposit has a greater range than that 
of the winter deposit. See Fig. 46. (Art. 
53.) 


Erratic boulders found embedded in Pleistocene and older varved sedi¬ 


ments usually have been interpreted as ice-rafted [Sayles (1914, 1919, 
1929) and Brigham (1932: 373-378)]. 


Early Pre-Cambrian varved slates have been reported from northern 
Ontario by Pettijohn (1936: 621-028; 1943: 949-954); late Pre-Cambrian 
or early Cambrian ones from Virginia by Thiesmeyer (1939: 109-118); 
late Paleozoic varved sediments are associated with the Squantum tillite 
of eastern Massachusetts (Sayles 1914, 1919, 1924, 1929).; and Coleman 


> See Sayles (1914, 1919, 1924, 1929); Johnston (1922: 115-120; 1922a: 376-390); 
Heeds (1923:371-380); Antevs (1922: 1-6; 1925: 171-172); Coleman (1926: xxxviii’ 
xxxix, 37, 233-235): Tanton (1926: 44); Wallace (1927: 109-118); Fraser (1929:49-^ 
(0); Bradley (1931a: 318-330; 1937:32-12): Twenhofel (1932:606-618); Rubey 
(1933:32.5-338); Rittenhouse (1934:110-120); Pettijohn (1936:621-628; 1943: 
949-957); Burwash (1938: 3-6); Thiesmeyer (1938: 326-327). 
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(192r)) has reported ancient varved rocks from many parts of the 

world. 

64. ^[ISCELLA^■EOl■s Rhythmic Reddixg. —Geolofrioal literature con¬ 
tains many references to rhythmically bedded sedimentary rocks con- 
sistinf^ of large numbers of thin varvelike laminae. The rhythmic 
stratification in these rocks has usually been ascribed to seasonal deposi- 



Court t'.it/ of F. J. 

l-iG. 45.— Varved sediments. .4. Pleblocene jjlaciul-lake varved day in an exposure on the shore of 
\\ abiRoon Lake, near Barclay, Ont. The darker hands are stiff winter day; the lit;hter. stinuiier silt. 
B. .Vrdieun varved slate. The darker hands are slate; the lighter. silUstone. The s(inurish j)its in the 
siltstone hand near the knife blade are cavities left by weatherine out of pyrite cubes. Note the 
diaKonal fruclurinK of brittle siltstone. which docs not pass through the less conif>etent slate bands, 
(.■^rt. 53.) (After Pettijohu, 1»43. Bull. Grol. Soc. Arn.. 84 : 049 . Plate 8, Fias. 1. 2.) 

tion ot some kind. All have in common a constant cliange in lithology, 
texture, or some other physical characteristic from the top of the lamina 
to the bottom. Several representative examples are cited in the following 
paragraph, dheir use as top and bottom criteria is uncertain. Each 
must be judged on its own merits. 

Many years ago Davis (1918:386-394) described the remarkable 
rhythmic banding of the Franciscan radiolarian cherts, and several 
writers have since discussed the nature and cause of the rhythms. Bram- 
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lette (1934: 575) has described somewhat similar rhj'thmic bedding in the 
Monterey shale as follows: 

. . . the beds are generally between one and two inches thick, and each shows a 
distinct sequence of deposition with sand at the base, grading upward througii 
finer clastic material to an upper zone of organic deposition—largely diatoms. 
The various processes that might produce such bedding have been considered 
and the tenative conclusion reached that annual cycles best fit the evidence, that 
is, that these layers are marine varves. [See also Bramlette (1946).] 

Twenty years ago Wallace (1927: 118) reported that the Dakota 
sandstone of northwestern Manitoba has successions of 1-in. (25-mm.) 
lignite bands separated by 2- to 3-in. (50- to 75-mm.) sand layers. He 
suggested that these alternating layers might represent seasonal banding. 
A few years earlier Johnston (1922:115-129) had reported seasonal 
lamination in the deposits of the Fraser River delta. ^More recently 
David White (1933: 5G7-5C8) explained as seasonal banding an unusual 
alternation of dark and light layers in Pennsylvanian whetstone sand¬ 
stones of southern Indiana (Art. 49), and Vanderhoof (1934:332) ascribed 
to the same cause the banding in an asphalt deposit at McKittrick, 
Calif. Bradley (1931a: 318-330; 1937:32-42) described and listed the 
literature on nonglacial marine varves and in a later paper (1938: 162- 
163) gave a brief annotated bibliography on cyclic variations in climates 
as indicated by pre-Pleistocene nonglacial varves. About the same time 
Thiesmeyer (1938:326-327) summarized the criteria of seasonal and 
annual accumulations in sediments, and with Storm [Thiesmeyer and 
Storm (1938:1964)] pointed out certain features that indicate seasonal 
banding in silicified argillites at Chapel Hill, N.C. An unusual varvelike 
deposit was recently described by Keller (1939: 32-35). It was dis¬ 
covered in a solution channel. 

66. Textural Variation Due to Importation of Foreign Material.— 
Foreign materials such as quartz and feldspar grains and tiny rock frag¬ 
ments may suddenly appear in abundance in a limestone section and 
then gradually die out upward in succeeding layers, completely disappear¬ 
ing within a few centimeters. Such a condition indicates a sudden 
importation of particles from some near-by source by wind or water 
currents. 

Several quartz-flooded limestone units of this sort are present in the 
basal part of the Platteville formation in Wisconsin. In dolomitic lime¬ 
stone of the same age at Kentland, Ind. (Fig. 46), where the strata are 
almost vertical, this criterion was used, along with other features, to 
establish the top and bottom of the tilted sequence [Shrock (1937: 471- 
531)]. Quartz sand, blown from the Adirondack land mass into the 
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Cambrian seas along its eastern shore, makes its appearance in certain 
Upper Cambrian limestones of ^'ermont and diminishes upward in the 
same way as described in the previous examples. 

66. Textxiral and Volumetric Variation in Accessory Minerals.— 
Suites of light or heavy accessory minerals and of rock fragments may 
appear abruptly and in abundance in a stratigraphic sequence, indicating 

the uncovering or renewed erosion of a 
particular terrane, and individual minerals 
may increase for some distance upward 
before fading out and disappearing (Fig. 
47). As a general rule the suite will 
decrease upward gradually rather than 
abruptly. This criterion, which needs 
extensive testing in the field, should serve 
successfully over basins or parts of basins 
where the accessory mineral succession has 
already been determined. It should also 
be tested on massive sandstones lacking the 
usual sedimentary features [see Kryuine 
(1940)]. 

67. Textural Variation along Contact of 
Reworking between Massive Sandstones. 
A sea, encroaching on a sand terrane, re¬ 
sorts the material it encounters, removing 
to a distant area the finer and lighter grains 
and leaving as a residue the coarser and 
heavier grains. The depth of such rework¬ 
ing is determined by wave and current 
action. Burial of the coarse sand as the 
water deepens leaves it to mark an abrupt 
textural change downward (Fig. 47). 
Upward it is likely to merge into the fine 
sand and silt brought in from the adjacent 
shore as the strand moves inland. Ulrich 
(1924: 93) used this criterion as a means of locating the disconformable 
contact between the Galesville (Dresbach) and Ironton sandstones in 
the Wisconsin Upper Cambrian section (see Art. 28). He described the 
relation as follows: 

The Ironton member is composed mainly of reworked washed and relatively 
coarse residual grains of Dresbach sandstone, the surface of which had previously 
been subjected to subaerial leaching and wear. The line of the break between 
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Fig, 4G.—Steeply dipping, westward 
facing, thin-bedded Ordovician lime¬ 
stones exposed in the north wall of the 
main quarry near Kentland. Ind. 
Two of the thicker layers contain a 
concentration of rounded quartz 
grains, which are abundant in the 
basal part but sporadic in the upper. 
The quartz-bearing layers have a 
sharp contact with the underlying 
lithographic bed, and the scattered 
quartz grains do not reach upward to 
the next succeeding layer. The 
quartz grains w*erc washed in from 
near-by areas, w'here the St. Peter 
sandstone was being eroded, and are 
characteristically most abundant in 
the earlier, or lower, part of the bods 
in which they occur. One of the beds 
abo contains scattered brachiopod 
valves, most of which show, by their 
westward convexity, that the sequence 
is not overturned. Here two sedi¬ 
mentary criteria are mutually corrob¬ 
orative. (Arts. 55, 178.) 
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the two formations—Dresbach and Franconia—lies at the undulating plane 
where washing and sorting of the loose quartz grains of the underlying formation 
is first indicated. In other words, the Ironton sandstone member extends down¬ 
ward to the lowest plane indicating reworking and redeposition of the weather- 
loosened top sands of the underljing Dresbach formation. Commonly the new 
deposit includes a few grains of glauconite and other material that is not present 
in the undisturbed underljnng beds of Dresbach sandstone. 

Some of the geologists who came after him disagreed with Ulrich on 
the reliability of this criterion for determining order of succession and 
unconformity. Certainly it deserves a rigorous field test before it can be 
fully accepted or rejected. 
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Fio. 47.—Diagrams showing how textural variation and change in content of heavy acccsvsory minerals 
can be used to identify unconformitioa and determine tops and bottoms of beds in certain Upper Cam¬ 
brian formations of Wisconsin. The materials comprising the up|>er part of each of the lower Haiulstuncs 
were reworked and mixed with the incoming sediments, producing a poorly sorted sandstone flooded 
with a heavy accessory mineral not abundant in the underlying sand. (Arts. 28, 57.) {Dici/ramt 
based OH information furnished by 0. 0. Raasch,) 

68. Salinastone Sequences.—Much has been written on the general 
subject of salt deposits, and attention has been called to the order of 
succession that sometimes obtains in a salt sequence {e.g., the Stassfurt 
deposit). 

Numerous writers have pointed out that, if a large body of sea water 
were cut off and completely evaporated, the deposit of salts on the bottom 
would have the following units, in descending order (or reverse order of 
precipitation): 

Salts of last bitterns 
NaCl (rock salt) 

CaS 04 *nH 20 (anhydrite or gypsum) 

CaCOa + iron oxide (limestone and iron oxide) 

The CaSOi unit would merge with CaCOa downward and with NaCl 
upward. The rock salt unit would merge downward into the sulphate 
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layer and mingle upward with bittern salts. This is an ideal sequence 
and probably is rare in nature. Repetition of the lower two units, how¬ 
ever, is not so uncommon and might, under special conditions, serve as a 
criterion of succession. A case in point is illustrated by the following 
section from the Mississippian Windsor series of Nova Scotia [Bell 
(1921: 166-167)]; 

The following generalized lithological section illustrates the rhythmic recur¬ 
rence of mud deposition with chemical and organic deposits: 


D. Kennetcook limestone. 100'+ 

Gypsum and anhydrite with Nodosinella bands. 

Red shale, etc. 

C. Avon River limestone. 45'+ 

Gypsum? and red shale. 


Dolomitic and calcareous shales and sandstones, oolites, algal and Modiola 


bands. 

Bi. Miller limestone. 35'+ 

Gypsum, anhydrite, and red shale. 

D\. Maxner limestone. 80'+ 


Gypsum, anhydrite, and red shale. 

A. Basal limestone, conglomerate and quartzite. 

It seems highly unlikely that folded (hence, probably recrystallized) 
salinastones such as gyprock and anhydrock would retain within the body 
of the rock important original sedimentary features which w^ould indicate 
the top of the sequence. Even if some did escape destruction during 
folding, it is not probable that they w ould be useful in a typically deformed 
salinastone sequence because of the intense flowage usually developed 
[see Grabau (1920), Lindgren (1928: 328-360), and Twenhofel (1932; 460 
-509)]. 

Strong (1937:398) found that the position of polyhalite in certain 
salinastone sequences he had investigated was near the base. In dis¬ 
cussing the mineral, he states: 

This occurs as a bedded deposit sometimes intercrystallized with anhydrite. 

In normal successions it is seldom found more than once, and then low down 
towards the base of the main rock salt deposit. 

Udden (1924:347-354) has reported, from the Permian Castile 
salinastone of Texas, a 450-m. (1,262-ft.) succession of rhythmically 
laminated anhydrite in which the laminae average less than 2 mm. in 
thickness. Each lamina, W'hich is interpreted as a cycle of precipitation 
and sedimentation in a body of quiet w’ater, is bipartite in nature. 
About 1.5 mm. is composed of clear anhydrite and 0.5 mm. consists of 
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bituminous films and calcite or dolomite crystals. Although no state¬ 
ment is made concerning the relations of these two parts of a cycle, if 
Udden’s photomicrographs are used as a basis, the thinner layer seems to 
grade into the anhydrite in one direction and to be more sharply separated 
from it in the opposite direction. It seems possible, therefore, that care¬ 
ful study of the core on which Udden’s article is based might indicate 
whether or not the rhythmic lamination does provide a top and bottom 
criterion. 

69. Tuff-Ash-Silicastone Sequences.—It has been suggested^ that 
silicastones, such as cherts and radiolarites, might immediately succeed 
deposits of water-laid tuff and ash, inasmuch as, during and immediately 
after volcanic activity, there is much readily soluble silica available to 
streams for transport to adjacent bodies of water. Unusual numbers of 
Radiolaria, diatoms, sponges, and other silica-precipitating organisms 
might well indicate strong influx of silica. 

This criterion has not been tested in the field or by study of the 
literature, but it is mentioned here with the hope that some investigator 
will be interested enough to study the suggestion further. 

‘Oral discussion with R. J. McEwen, June 16, 1943, at that time head of the 
Mercury Section of the Miscellaneous Minerals Division of the War Production 
Board at Washington, D.C. 



CHAPTER IV 

FEATURES OF SEDIMENTARY ROCKS (II) 

II. FEATURES ON UPPER- AND UNDERSTTRJ^f Eg 

OF SEDIMENTARY BEDS 

60. Introduction.—In Art. 6 attention is called to the fact that many 
useful and reliable top and bottom features and structures are preserved 
on the upper- and undersurfaces of sedimentary layers. It follows, 
therefore, that exposed bedding surfaces are ideal places to search for 
these features. If such surfaces are not exposed, the next possibility is a 
section transecting the contacts between contiguous beds. It is com¬ 
monly possible, from such transverse sections alone, to identify top and 
bottom. 

Surface features are of many kinds and of bot h primary and secon dary 

^^£riginj^—range in size from microscopic on the one hand to Targ^ 

easily visible, and readily identifiable features on the other. They 

exhibit different degrees of efficacy for determining on which surface of 
the bed they lie. 

They include ripple marks and all sorts of similar regular and irregular 
ridges and depressions; surface irregularities made by boulders and masses 
of sand sinking into soft muds; mud cracks and associated features 
resulting from their disruption {e.g., penecontemporaneous sharpstone 
conglomerates), inorganic markings including wave marks and impres¬ 
sions of many kinds; organic markings and objects such as tracks, trails, 
and coprolites; pit and mound structures; and surface effects (fulgurites) 
of lightning and of forest fires. 

Inasmuch as many of the features are formed on or in beach sands, 
the possibi^ty of their being preserved is determined to a large extent by 
the conditions on the beach. Kindle (1936:16-22) and Thompson 
(1937. 723-751) have discussed these conditions in some detail. Features 
formed in a humid climate are not likely to be preserved except under 
unus ual co nditions [Krynine (1935: 96-97)]. 

' y Rlpple-mark. The familiar ridge and trough configuration— 
ripple marks on surfaces of loose granular materiab such as snow and 
sand has long been recognized as the result of wind or water moving 
across such surfaces. The ridges and inten.'ening troughs exhibit great 
range in size and variation in shape and pattern. Because they arc one 
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of the commonest and most widespread of original sedimentary features, 
they have been described and illustrated in countless reports. Certain of 
them are quite useful in determining tops and bottoms of beds, whereas 
others may be misleading unless their variations are recognized. 

In the present work ripple-mark will be used to signify the surface 
sculpture produced by individual ridges and troughs. Ripple mark, 
written without the hyphen, refers to a single complete ripple, and ripple 
marks is the plural designation. 

62. Definition. —Ripple-mark refers to the undulating surface sculp¬ 
ture produced in noncoherent granular materials by the wind, by currents 



Air current ripple-mark 



Water current ripple-mark 


e 

Wave ripple-mark 

Fio. 48.—Diagrammatic profiles of the three common typc.s of ripple-mark. (Arts. 62, 67.) {Modi¬ 
fied after Kindle, 1917c, Bull. Oeol. Soc. Am., 28: 912. Fig. 7.) 

of water, and by the agitation of water in wave action. The usual 
sculpture consists of low ridges separated by shallow troughs and is of 
two fundamental types. The current-produced ripple has an asym¬ 
metrical form; the wave-produced, a symmetrical form (Fig. 48). These 
may be superimposed upon each other to produce many compound 
patterns. Certain types of ripple marks are reliable as top and bottom 
criteria; others are indeterminate; and still others are useless for this 
purpose (see Arts, 64, 72, and 74). 

The ridges may anastomose or parallel each other, they may be sym¬ 
metrical or asymmetrical in transverse section, and their crests may be 
sharp, rounded, or flattened. They may be far apart in proportion to 
their height above troughs, in which case the ripple is said to have a high 
index, or they may be close together, making a ripple of low index (Fig. 
49). They may constitute a single system of equally developed parallel 
ridges, a single system of alternating large and small ridges, a double 
system in which one set of minor ridges superimposed transversely on a 
major set results in a reticulate structure, or a double system with the two 
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sets about equally strong and the reticulation essentially uniform over the 
entire surface; or the ridges may be so disposed as to make a confused 
sculpture in which no orderly arrangement is obvious. 

The troughs may be rounded or slightly flattened by filling, sym¬ 
metrical or asymmetrical in transverse section, and anastomosing or 
parallel in plan. They exhibit the same symmetry or asymmetry as the 
adjacent ridges and the same general ground plan. In addition, they 
may contain accumulations of organic debris, silt particles, mica flakes. 



A. Aqueous current ripple-mark of lower index-5 + 



B. Aeolian current ripple-mqrk of higher index-K 



C. Aqueous oscillation ripple-mark of lower index-5+ 



0. Aqueous oscillation ripple-mark of higher indcx-IO 


Fiq 49. DiaKrotus showing range of index in ripple-mark. The ripple index is the number obtained in 
dividing the wave length by the amplitude. Indexes of aqueous-current ripple-mark range from less 
than 5 to more than 15; th<»e of aeolian ripple-mark are considerably greater. Oscillation ripple marka 
have indexes ranging from less than 5 to 8 or 10. (Arts 62 67 ) 


grains of heavy minerals and bits of rock, and coarse quartz grains, 

because of being depressions where these materials can be trapped and 
buried (Fig. 50). 

Ripple marks range from microscopic features to gigantic undulations 
uith wave lengths of several kilometers and amplitudes of several meters 
[Kindle (1917, 1936) and Bucher (1919)]. The commonest and most 
useful for the present purpose are those which are developed on a rela¬ 
tively small scale with wave lengths of a few centimeters and amplitudes 
of a few millimeters. 

Lobate and scalloped structures are commonly associated with 
ripple-mark and probably form under essentially similar conditions. 
Several of these are described in Arts. 67, 75, and 78. 

Ripple-marked surfaces on fine sand and silt are commonly sculptured 
by rill marks and other miniature erosional features, imprinted with the 
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tiny craters formed by falling raindrops and hailstones, and tracked up 
with the footprints made by passing animals and fowls or crawling and 


burrowing lowlier organisms (Fig. 51). 
surface markings are to be expected 
in such formations as the Upper 
Devonian elastics of New York and 
Triassic red beds of the eastern United 
States. The red bottom sediments 
of the Bay of Fundy have often been 
cited for the well-preserved features 
that commonly appear on the surface 
between tides (Fig. 132). 

Ripple marks are preserved in 
conglomerates, sandstones, and silt- 
stones, and in clastic limestones and 
dolostones. It is uncertain whether 
or not they can be formed in clays,* 
especially under water. Many exam¬ 
ples have been described from rocks 
of all ages, and the more important 
references are cited in Art. 65 or in 
the following pages. 

63. Mode and Environment of 
Formation .—Ripple marks are formed 
by currents of air and by movements 
of water. These motions disturb the 
upper part of a noncoherent granular 
deposit, causing the individual parti¬ 
cles to be heaped into several kinds 
of ridges. Ripple marks produced by 
wind are ephemeral, and because the 
sediment in which they are formed is 
dry they are seldom preser\'ed 
[Bagnold (1942:144-187)]. Most 
subaqueous ripple marks appear to 


Similar assemblages of significant 



Courtesy of Geological Sun-ey of Canada 

Fig. 50.—.AsynunptricRl, or current, rifjj.le 
marks t!iat were modified by waves inovinK 
oblique to ibe direction of the current. The 
more prominent sculptured ridKe.s, disposed 
horizontally on the photocraph, are current 
ripples; the finer sculpturing, represented by 
the vertically disposed ridges, are the rc.«ult 
of wave action. Coarser and heavier par¬ 
ticles and carbonaceous debris have been con¬ 
centrated in the trouglis along the fronts of 
the current-ripple ridges. Current movement 
was from the top toward the bottom. Scale 
is indicated by the watch at the bottom of the 
picture. Locality: The Avon River below 
Windsor. N.S. (.Arts. 62. 66. 67, 71.) {After 
Kindle, 1917, Geol. Survey Canada. Mua. 
Bull., 26: 29, 30. Plate 9A. Photograph, 30779, 
/umt«A«f by the Geological Survey of Canada.) 


be formed on shallow bottoms (strandline to 100 m.), but conditions favor¬ 
able for their formation have been found at depths as great as 800 m. 
They form in any sort of granular sediment but do not form in mud or 


‘ Cofifrey (1909: 754-755) reports dunes of clay several miles long, 30 ft. high, 
and 200 to 300 ft. wide made by wind heaping up clay fragments and particles derived 
from disruption of dried lagoonal clay. It seems entirely possible that ripples of 
clay in the same physical state might form, but none seems to have been reported. 
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in coherent granular material. Their presence in a sedimentary rock, 
therefore, is conclusive evidence that the sediment was granular at the 
time the ripple-mark was formed. 

s^64. Use and Limitations of Use .—In order to use ripple-mark to the 
fullest extent, it is necessar3' to consider not only the external form but 
also the internal structure of the individual ripple ridge. .Much attention 
has been devoted to the form, but little to the structure. As a result, 
when ripple-mark is mentioned or discussed as a top and bottom criterion, 



Courtesf/ of J. U, Maxson 

Fio. M.-Uipple marks, worm burrows, rill mark.s. and bird tracks on a silt bar at tho mouth of Rofer- 
enre I omt Creek near headwaters of Lake Mead. Boulder Canyon. The light is from tho left, ond the 
rule IS in. (30 cm.) long. This is an example of how organic and inorganic surficial features may be 
prc.scrved together on the same surface. (Arts. 62. 63. 76.) 


emphasis is nearly always on the form and its modification (Arts 72. 75, 
70). 

In following paragraphs it is shown that the form of either current or 
oscillation ripple marks can be useful provided that certain conditions 
prevail and also that internal stnicture can seiwe as a criterion even if the 
form has been partly destroj'cd. The paleogeographic significance of 
ripple marks has been considered at length by Bucher (1919:241-269). 
Students w ishing to investigate this use of ripple-mark will find his paper 
an excellent guide. Thej’’ should also consult the instructive paper by 
Hyde (1911a: 257-269) in which he sets forth the results of mapping the 
regional orientation of many Mississippian ripple marks in Ohio. 

65.^References on Ripple-mark .—Since ripple-mark is one of the com¬ 
monest surface features of sedimentary layers, it has been discussed to 



FEATURES OF SEDIMENTARY ROCKS (//) 


97 


some extent by nearly every investigator who has done field work involv- 
ing ripple-marked beds. Some of the writers, where the situation war¬ 
ranted, directed attention to the usefulness of certain types of ripple-mark 
for determining order of succession. Other investigators have written at 
length about the physical principles involved in the production of ripple- 
mark, and still others have described and illustrated the many kinds of 
ripple marks that can be observed on present-day depositional surfaces. 

Among the many articles and discussions concerning ripple-mark, five 
merit special mention here because of their comprehensive nature and 
reference lists. “Recent and Fossil Ripple-mark” by Kindle (1917: 1- 
121) and “Bau und Bildung von gros-Rippeln in Wattenmeer” by 
Haentzschels (1938:1-42) are especially noteworthy because of their 
excellent illustrations of every kind of common ripple-mark that may be 
seen on present beaches or along stream channels. “On Ripples and 
Related Sedimentary Surface Forms and Their Paleogeographic Interpre¬ 
tation” by Bucher (1919: 149-210, 241-269) is an analytical study of 
ripple formation and a discussion of the paleogeographic significance 
of the several kinds of ripple-mark. The article has an excellent list of 
references including many works by European writers. Kindle and 
Bucher (1932:632-668) cooperated in preparing “Ripple Mark and 
Its Interpretation,” published as a part of “Treatise on Sedimentation,” 
and this treatment is probably the most comprehensive and best docu¬ 
mented discussion of ripple-mark in English. 

Many scattered references to local occurrences of ripple-mark in 
ancient rocks are not listed in the four comprehensive works cited in the 
preceding paragraph because of their relative unimportance or the fact 
that they appeared after 1932, but the majority of these previous to 1924 
are listed in “Literature of Ripplemark,” by Kindle and Edwards 
(1924:191-203), which contains nearly 200 references. 

Ripple-mark has been reported from rocks of all ages from the oldest 
intensely altered Archean sedimentary rocks of the Fenno-Scandian and 
Canadian shields to recently deposited sediments along present-day 
streams, shores, and beaches. The following examples are cited to give 
a general idea of the nature and extent of this sedimentary feature in 
ancient rocks as well as in recent sediments. 

Sederholm (1899:98) long ago reported ripple marks from the in¬ 
tensely altered Archean rocks of Finland and Sweden, thereby demon¬ 
strating the sedimentary nature of these ancient rocks. 

Hore (1913: 59) and many geologists after him have mentioned the 
ripple-marked beds of Huronian age in Canada and the United States, 
and Ransome and Calkins (1908: 30) early in this century called attention 
to the grand development of ripple-mark in the Belt series of western 
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North America, where a peak is appropriately named Alt. Ripple and a 
formation is named Ripple after the mountain^ [Daly (1912: 155-156); 
see also Fenton and Fenton in Chap. VIII, References]. 

The early New York and Wisconsin geological reports contain descrip¬ 
tions and illustrations of ripple marks from the Upper Cambrian (Pots¬ 
dam) sandstones, and many writers of the early twentieth century 
mentioned the abundance of ripple marks in the Ordovician rocks of the 
Cincinnati region [Shannon (1895:53-54); Moore and Hole (1902:216- 
220); Culbertson (1903: 202-205); Prosser (1916: 456-475); et al] and in 
the Mississippian rocks to the east [Hyde (1911a: 257-209)]. 

Cox and Dake (1916:257-209), in an excellent discussion too often 
overlooked, described a wide variety of ripple marks from the early 
Paleozoic rocks of Missouri. 

Gilbert (1899: 135-140) explained the giant ripples of the Silurian 
Medina sandstone as the product of 60-ft. waves, a conclusion not gen¬ 
erally accepted by subsequent writers [see Kindle and Bucher (1932)]. 
Fairchild (1901:9-14) later interpreted them as beach structures, and 
Hranner (1901:535—536) concluded they were due to seaward extension 
of beach cusps. Other references to these well-known ripple marks can 
be obtained by consulting the appropriate U.S. Geological Survey 
bibliographies. 

Patton (1933: 77-82) reports typical oscillation ripple marks from the 
Texas Permian Alerkle dolomitic limestone and from the Cretaceous 
Fredericksburg of the same state. Udden (1916: 123-129) and Scott 
(1930: 53—56) have reported unusual incomplete ripple ridges in the form 
of symmetrical and asymmetrical windrows of shell fragments (Arts 70, 
79). 

Hitchcock (1858: 1—220, etc.) and many after him have made familiar 
the rippled formations of New England over which the Triassic dinosaurs 
trod and upon which they left their footprints. 

Tarr (1935. 1498) discovered microripples in the summer layers of 
Pleistocene varves in the Connecticut Valley; Thiel (1932:452-458) 

‘ 1 he Pre-Cambrian Ripple formation of British Columbia is characterized by 
exceptionally well preserved ripple-mark according to Daly (1912: 155-156), who 
states: 


A principal feature of the quartzite is the occurrence of extremely well-preserved ripple- 
marks at various horizons. On Mt. Ripple itself these markings are exposed in a truly 
spectacular fashion. In bed after bed for a thickness of several hundred feet together the 
surfaces of the old sand were moulded into typical ripples of highly varied orientation. . . • 
As exposed on bedding-planes these marks are to-day apparently as sharply marked as 
they were when each bed was just covered by the next wash of sand. Whole cliffs are 
ornamented with the strong ridges and troughs of the ripples themselves or with their 
negative impressions. 
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described huge symmetrical sand waves . that have changed their 
profiles to asymmetrical meta-ripples” like those discussed by Bucher 
(1919: 17S) (Figs. 55, 50); and Gilbert (1884: 375-370) long ago described 
a 45-cm.- (18-in.-) thick deposit of laminated silt showing innumerable 
superimposed oscillation ripples (Fig. 52). 

t^66. Current Ripple-mark.—To paraphrase Gilbert (1899: 137), it 
may be said that a current of air or water flowing over a surface of gravel, 
sand, or silt reacts on any prominence of the surface in the following 
manner: An eddy or vortex is created on the lee side of the prominence, 
and the return current of this vortex checks tra^’eling particles, causing 
growth of the prominence on its down-current side. Simultaneouslv, 





A B 

Fio. 52.—Superimposed oscillation ripple-mark A. Oscillation ripple-mark in a bank of fine river silt. 
The sediment was deposited in a pool in which the water was periodically agitated as the silt settled to 
the bottom. Successive laminae arc inflected in the same way and hold a stable position so that a line 
connecting the angular crests is vertical. The rippled deposit is 45 cm, (18 in.) thick. B. Diagram of 
superimposed oscillation ripple-mark in which each successive lamina is shghtly displaced horizontally 
so that a line connecting the angular crests is inclined to the surface. The inclined alignment of the 
crests gives the appearance of false bedding to the deposit when it is viewed in transverse section. 
(Arts. 65. 68.) (A after Gilbert, 1884. Seienee. 3: 376, Fig. 1. B original.) 


the up-current side of the prominence is eroded, and its form thus travels 
down current. The prominences thereby produced are linear ridges of 
asymmetrical form, with short steep downstream slopes and compara¬ 
tively long gentle upstream slopes. The crests and troughs are usually 
quite similar and asymmetrical (Fig. 53). Current ripple marks are 
characterized by wide variation in shape, amplitude, wave length, and 
ground plan [see Bagnold (1942:144-187)]. 

On the basis of form alone, current ripple marks cannot be used to 
determine the top or bottom of a layer, for the counterpart presents the 
same appearance* (Fig. 50). Aspects that may serve as useful criteria 
are discussed in following paragraphs. 

* Grabau (1924: 712) states: 

The natural mold [counterpart, or obverse] of this type of ripple [aquatic current ripple) 
will bo difficult to distinguish from the original ripple, though the directions of the slopes 
will be reversed. A careful examination, however, will show that, whereas the surfaces of 
the normal current ripple are gently convex, those of the mold (counterpart) will be gently 
concave. 

But not ail observers agree with him on the latter statement. 
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67. Form and Variations .—The fundamental form produced by 
current action is an asymmetrical ridge (Art. GO). Wind-current ripple 
marks are characterized by high indexes, whereas water-current ripple 
marks have relatively low indexes (Fig. 49). This means that for a given 
wave length (distance from crest to crest) the height^ of a ripple produced 
by a water current is several times that produced by wind [Kindle 
(1917; 12)]. This difference in index gives a ready means of separating 
current ripple marks of aeolian and aquatic origin. 



Fiq. 53.--Current ripple marks on the upper surface of thin-bedded red Permian sandstone. A dia- 
Krammatic profile of the rippled surface is shown at the left. The ripple ridges have a wave length of 
about 25 mm. (I in.). (Arts. 66. 67.) 


In the formation of water current ripple marks, coarse sand grains 
and small pebbles are sometimes rolled up the gentle backslope, over the 
crest, and down the steep lee slope, at the base of which they finally come 
to rest (F gs. 50, 54). Platy organic debris may accumulate in similar 
fashion. If, now, the ripples be buried, the small accumulation of coarser 
and heavier grains in the trough indicates the top of the bed (Fig. 54). 
As a rule the finer material lies on and near the crest. 

Aeolian current ripples, in contrast to those made by aquatic currents, 
not only are much flatter but also nearly always have the coarser material 
on and near the crests and the finer material in the troughs (Fig. 54). 
An interesting exception is that of heavy grains of such minerals as ilmen- 

^ Kindle (1936a; 861) uses the term sand leapes for ripple ridges that differ from 

ordinary asymmetrical ripples only in having crests a foot or more high instead of an 
inch or so. 
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ite, magnetite, and garnet.^ These tend to lie in the troughs, probably^ 
because a wind current strong enough to move quartz grains of similar 
size cannot move the heavier grains out of the trough once tliey have been 
rolled there. As pointed out by Bucher (1919: 26j), aeolian ripple-mark 
is probably of rare occurrence in sedimentary rocks. McKee (1945: 313- 
325), however, in a recent article, reports an unusual type of aeolian 
ripple-mark from the Coconino sandstone of Arizona.- These ancient 
ripple marks lie on the foreset layers of dunes that have a leeward slope 
of 32 to 33° and a backslope of about 12°. 



Fiq. 54.—Aqueous current ripples with coarse sand grains and mica flakes concentrated in the troughs 
ahead of the advancing ripples. Some of the grains might adhere to the crest of the ridge representing 
the counterpart of the trough. In aeolian ripples the coarse particles tend to be concentrated on the 
crests rather than in the troughs. The much higher index of the aeolian ripple should suffice to differ- 
entiate it from one made by water. Sec Fig. 50. Note also that the ripple ridge has cross-lamination, 
whereas its counterpart has horizontal stratification. (Art. 67.) 


In the latest comprehensive treatment of ripple marks, Kindle and 
Bucher (1932: 653-664) recognize the following types made by water 
currents (all are asymmetrical except pararipples, which may also be 
symmetrical): 

1. Normal —simple asymmetrical ridges with various ground plans (Fig. 48) 
(Art. 66). They are of no use in determining top and bottom of beds.^ 

* The author has observed this phenomenon on Ipswich Beach, east of Marblehead, 
Mass. Pink garnet grains are ommonly concentrated in the troughs of both water- 
current and wind-current ripple marks, the latter above high tide showing that they 
were not merely modified aqueous ripples. Bucher (1919: 155) reports a similar condi¬ 
tion in sand dunes of northern Jutland, where the crests were covered with quartz, 
whereas the troughs held magnetite sand. 

* These are tiny asymmetrical ripple marks, with index ranging from 17 to 98, that 
trend up and down parallel to the dip on dune foresets that are inclined from 32 to 33*. 
McKee ascribes them to wind action across the lee slope of a dune and mentions that 
the coarser grains are concentrated on or about the crests of the ripples. 

^Berthololy, according to Bucher (1919:155), observed that . .in active 
current-ripples the coarser grains accumulated on the lee-side” and exceeded those 
on the stoss side by as much as three or four times. Bucher (1919:155, footnote) 
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2. Rhomboid —a rare form showing a reticular, scalelike pattern. It is too imcora- 
mon to be of importance in the present discussion [see Woodford (1935: 518- 
525) and Bothune (1936: 291-296]. 

3. Lingnoid —a modified normal ripple-mark mth unit forms characterized by 
tonguelike outline and producing counterparts resembling small mud flows. 
These might be confused with flow casts {.Art. 102). They are not likely to be 
of any use in determining order of succession. 


Coarse sand full of 
small pebbles 


Current 





Kio. 55.-^roa8 section of metaripples observed on a sandbank in the Little Miami River after a flood. 
The foundation of the rippled surface consists of prominent symmetrical-ripple ridees composed of sand 
with small pebbles. The symmetrical profile was changed to one of asymmetry by the deposition of 
sand lenses on the down-current slopes of the original ridges, k thin laver of mud then paved the 
trouglhs and a«ljacent slopes to a thickness of 3 to 5 mm. Compare with Fig. 56. (Art. 67.) {.Modifud 
after Bucher. 1919. Am. Jour. Sci., (4) 47; 173. Fig. 4.) 


4. Metaripples large asymmetrical ridges of sand on an undulating base of 
coarser material, with small mud deposiU in the troughs (Figs. 55, 56). The 
unusual relation of mud, sand, and gravel in this type of ripple may be useful in 
identifying the top or bottom of some sequences. 

5. Paranpples large symmetrical and asymmetrical ripples found in limestones. 
Because of their magnitude it is doubtful that they would ever be exposed in 
highly inclined beds over sufficient bedding surface for it to be possible to use 


Fine grave! and sand 


Current 


Unsorfed grave/-. 



m glacial sediments, representing unusually large symmetrical "sand waves" 
hat have had their profiles changed by localbed deposition under swift-current conditions. The 
foundation material is unaor ed glacial gravel and sand. The finer gravel and sand were deposited 
asymmetrically on the downstream limbs of the ripples to make the observed profile. The wave length 
o the ripp es ranges from 8 to 20 m (25 to over 60 ft.), and the overage form inde.x is 12. Compare with 
Fig. 55. (Art. 67.) {Modified after rA»«i, 1932, Jour. Qeologjj, 40: 457, Fig. 8.) 


them to determine top and bottom. In addition they are not at all common 
as compared with the smaller types of current ripple-mark. 


points out, however, that similar distribution of heavier grains has been observed on 
aeolian ripples in which the crests were covered with white quartz sand, whereas the 
troughs carried black magnetite sand. 

This latter condition should not occasion concern, however, for such aeolian 
ripples would have little chance of being preserved and, even if they were, they could 
probably be distinguished readily from aquatic current ripples by their flatter profile 
and stratigraphic setting. 

It might be possible, therefore, to use the distribution of coarse and fine or heavy 
and light sand grains to determine the top of a rippled layer (Art. 72 and Figs. 50, 54). 
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Internal Structure .—The typical internal structure of current 
ripple ridges is a special kind of cross-lamination, ^ as illustrated in Fig. 
57. The lamination is inclined down current and is roughly parallel to 
the steeper down-current slope of the ridge. Hence, even if the ripple 
mark were partly destroj'^ed, it should be possible to determine the up or 
down direction across the eroded ridge if cross-lamination is preserved 



Fiq. 57.—Diagram to illustrate cross-lamination in a small ripple ridge or large sand dune. The internal 
structure of the ridges provides a reliable top and bottom criterion since the intervening troughs are 
filled with horizontally laminated sandstone. If the beds were vertical or overturned, the top of the 
sequence could be determined by noting that the convexity^f the cross-laminated ridges is toward the 
surface or up. The ridges should not be mistaken for a sertes of symmetrical scour-and-fill structures 
(see Fig. 59). (Arts. 68. 132.) 

(Fig. 58). Structure such as that shown in Fig. 57 closely resembles the 
cross-laminated filling in an asymmetrically eroded trough but may be 
differentiated by careful study of the details. The cross-lamination of 
the ridge is truncated along the curved upper boundary and is also likely 
to show angular contact along the plane surface, whereas that of the 
scoured trough shows conspicuous tangency with the curved boundary 



Fio. 68.—Eroded ripple ridges and dunes. Although the crests of the cross-laminated ridges were 
transected before the overlying sand was deposited, the cros-s-lamiiiation of the rippled layer allows 
restoration of the original bottom profile and this iiinkcs it possible to determine the top of the sequence 
as illustrated in Fig. 57. If the sequence is viewed in an inverted position, the relations between the 
crosw-laminatcd layer ami the contiguous sandstones are obviously impos-sible if it were suspected that 
the beds were right side up. (Arts. 68. 69.) 

surface and truncation along the flat boundary (Figs. 59, 192). Bucher 
(1919: 154-155) states; “The structure of a current-ripple should, there- 

‘ Kindle (1917: 55-56) states: 

Cross bedding represents in many instances one phase of a phenomenon called sand 
waves which arc nothing more than current made ripple-mark of mammoth proportions 
that appear to be formed instead of ripple-mark when the current is overloaded with sedi¬ 
ment. The crests are often 15 to 35 feet apart and rise 2 to 3 feet above the troughs. 

A set of beds which have been laid down in a zone characterized by sand-wave formation 
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fore, in the most typical case, consist of laminae of deposition parallel to 
the lee-slope, cut at an oblique angle by the up-stream slope.” 

Woodworth (1901:281) has described an unusual kind of cross¬ 
banding in ripple-marked sandstone produced by the deposition of mica 
flakes on the steeper slope of current ripples (Fig. 60). The flakes, com¬ 
ing to rest on the advancing front of the ripple ridge, lie parallel to the 



Fro 59.—Diaip-ams showng how a cross-laminated ripple ridge can be differentiated from a scour-and- 
Structure. In the npplo ridge (^1) the foresot laminae are parallel to the shorter and steeper slope 
and are sharply truncated along the gentler slope. They may be angular or asymptotic along the plane 
lormmg the b^o of the ridge. Furthermores coarser and heavier sand grains commonly collect in the 
deepest part of the trough at the foot of the steeper slope. In typical scour.and-611 (B) structure the 
forget laminae are asymptotic with the gentler slope, do not parallel the steeper slope, rather leaning 
against it. and are sharply truncated on the upper side. The coarser and heavier particles are not 
limited to the deeiwt part of the excavation but generally are distributed along the gentler slope lying 
at the bases of the foreset laminae. Since scour-and-fill structures may have about the same magnitude 
M current-npple ridgw and may also occur in similar sedimentary sequences, features like cross-lamina- 
tion and coarser particle provide reliable means of determining not only the nature of the cross-lami¬ 
nated feature but also the toU or bottom of the bed in which it lies. Here both beds have been turned 
on end to show the similar appearance of the two features. (Arts. 68, 132 ) 

cross-lamination of the ridge itself, but in addition they make prominent 
bands simulating bedding across the true stratification. The slight 
forward advance of each successive horizontal layer causes the band of 


may not preserve the outlines of any single set of sand waves but the steep foreset beds 
which are formed as these waves travel with the current will be preserved as the familiar 
cross bedding so common in many coarse sandstones. Cross bedding is thus characteristic 
of both river and tidal current laid beds. . 

Cross bedding on a much hner and smaller scale than that developed in connexion with 
sand waves may characterize sandstones formed under water velocities suitable for the 
formation of ordinary asymmetrical ripple-mark. 

Bell (1929: 36) points out that in the Mississippian Horton of Nova Scotia 

Confirmatory evidence of the prominence of [current] rippling is afforded by the presence 
of minute crossbedding characteristic of much of the finer siliceous and arenaceous material 
of the middle and upper members of the Horton Bluff formation. 

[For additional discussion of ripple marks and cross-lamination, sec Gilbert (1899: 
136-140)1. 
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mica flakes to have a pronounced upstream inclination. If this phe¬ 
nomenon were present in micaceous metamorphosed rocks, it might well 
be mistaken for true bedding. 

Lahee (1941: 96) has pointed out that mica flakes may accumulate in 
similar manner on the leeward slopes of sand dunes, causing the foreset 
beds to contain more mica than the topset. 

Twenhofel (1932: 623-024) and McKee (1938a: 80-81) have described 
and illustrated a peculiar kind of pseudo cross-lamination produced by 
successively deposited ripple laminae, shomng lee-side concentration of 
sediment (Fig. 221), and Gilbert (1899:139-140) many years before 
described a similar kind of structure produced by gradual shifting of a 



wave-ripple profile (Figs. 61, 221). If the wave ripple does not shift 
position, each successive lamina is deposited on the preceding and the 

superimposed angular crests give the deposit a vertically banded appear¬ 
ance [Fig. 52; Gilbert (1884:376)]. 

An unusual, supposedly genetic association of ripple-mark and cross¬ 
bedding has been reported by Spurr (1894: 43-A7; 1894a: 201-206) in the 
outwash of a glacial plain. The deposit, which has well-developed current 
ripple marks, consists of graded sand and gravel layers with an upstream 
inclination of about 40® (Fig. 61). According to Spurr (1894a; 202), 
The ripple-marked laminae generally nearly coincide with one another, 
crest for crest, and trough for trough, except for the slight forward 
advance of each new crest and trough.” The slight advance accounts 
for the upstream inclination of the graded layers, which Spurr believed 
were genetically related to the ripple ridges. 

Jaggar (1894:199-201) doubted that current rippling of the type 
Spurr described would persist through a thickness of sediment as great as 
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the 3 or 4 m. deposited and suggested that the cross-bedded nature of the 
deposit really represented foreset bedding similar to that which Davis 
(1890: 195-202) had described some years before as being well developed 
in the stratified parts of glacial sand plains. 



Fio. 61.—Cross-bedding of an unu-sual type produced in Pleistocene gravels and sands by strong current 
action. A » coarse gravel; B * compact sand; C » loose sand; D » loose sand with some gravel. 
If the crude graded bedding of this deposit were used as a top and bottom criterion, the layers would 
appear to be overturned. Spurr (1894: 43—47) considered the cross-bedded structure to have been 
formed by maintenance of ripple formation as successive increments were deposited on the bottom. 
As successive layers of sediment were deposited, each with a rippled upper surface (a. 6, c), the coarsest 
material was concentrated in the trough, the finest in the crest region. Slight forward advance of each 
successive rippled layer produced the upstream inclination of the coarse and fine “beds." (Arts. 68. 
142.) (Modified after Spurr, 1894, Am. Geol., 13; 43-47, Fiffs. 1, 2.) 

Since the true bedding in the deposit consists of nearly horizontal, 
faintly rippled surfaces, the inclined layers are the result of continuous 
deposition on such a surface. The site of a certain grade of material 
advanced slightly downstream as each successive horizontal layer was 
added. It should be noted that, whereas neither the cross-bedded 
structure nor the textural profile of the inclined layers can be used for 
top and bottom determination, the profile of each ripple ridge can be 
used for that purpose because the trough contains the coarse material, 
whereas the crest is marked by the finest sediment (Fig. 61). 

It is clear from the foregoing examples that conditions of deposition 
play a major part in determining the nature and extent of internal struc¬ 
tures such as cross-bedding in ripple ridges. An important responsibility 
of the field investigator is to determine as far as he can the nature of the 
conditions under which a giv'en depositional feature was formed. Inas¬ 
much as the internal structure of cross-laminated or cross-bedded deposits 
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differs from place to place and even from bed to bed, it follows that tlie 
conditions of deposition also differed. As an example, conditions of a 
dune-covered surface would be quite different from those on a broad 
outwash plain in front of a glacial lobe. 

69. Ripples Modified btj Attention is called to the possible 

use of eroded subaqueous ripple-mark in Art. 08 and Figs. 57 and 58, 
where the top of the ripple ridge has been transectetl by erosion. The 
profile of the eroded ripple ridge should suffice for top or bottom identifi¬ 
cation e\’en if internal structure is lacking. 



(Courtesf/ of Z. M. Kir man,) 

riclKt* sculptiiroci by seawarcl-flowiiiR wattr, observcl on tbe bearli nt Lynn. 
Mtws. I be ripple ridge h^i its steeper sloiw faring the sea. wliich is towani the bottom of the photo- 
grupli. As the tide u ebbing, water, trapiied behind the ri<lge on the landward .siile. aided at first to 

I Y. ‘‘self- transverse grooves into the ridge and depasiLs the saml in 

tin> lobato deltas at the foot of the etc<»p hIo|>c of the ridge. 

The incoming wave, visible in the lower quarter of the photograph, b dying out before reael.ing the 
sculptured ripple ridge. A second ndge shows faintly at the top of the picture. The wave length i.s 

Vn ■ ro - pebbles, which are 

leas than 50 mm. {2 in.) acros-s. indicate the approximate scale of the transverse rill mark.s. (An 69 ) 


A second modification produced by almost contemporaneous erosion 
is shown in Fig. 62. On a gently sloping sandy beach the seaward mo\-ing 
water produces ripple ridges with the steeper slope toward the sea. As 
the tide is going out, water, temporarily trapped behind the ridge, tran¬ 
sects it a little later, producing a characteristic pattern of dendritic 
grooves terminating seaward in lobate deltaic masses of sand, which 
festoon the base of the ridge. ‘ This feature, often observed in the process 
of formation along Massachusetts beaches, is similar to the miniature 

4 

' McKee (1945; 313-325) describes as “slump mark’' an interesting feature in the 
Coconino sandstone, which he ascribes to avalanching, or slumping, of wetted sand 
on the lee slope of dunes. These marks wipe out the ripple-mark ebewhere preserved 
on the leeward slope. They are probably not common enough to warrant serious 
consideration as a criterion for top and bottom determination, but they do indicate 
the direction m which gravity was acting at the time they were formed. 




108 


SEQUENCE IN LAYERED ROCKS 


deltas described and illustrated by Kindle (1917:36, 37, Plate XVM) 
but is not formed in the same way. If such a sculptured ripple ridge 
were preserved, the surface should be easily distinguishable from the 
counterpart on the bottom of the covering layer. 

Brown (1912:536-547), reporting on the well-preserved ripple-mark 
in Sandwich Bay, Labrador, mentions an unusual type of erosional modi¬ 
fication of current ripples here illustrated in Fig. 63. 

Kindle (1917: 36-38) describes a number of peculiarly sculptured sand 

surfaces produced by current erosional 
modification of ripples and uses for 
them the term current mark originated 
by Jukes (1872: 163-164). These 
unusual features, ascribed by Jukes to 
currents of troubled water, may w’ell 
be confused with certain similar sand 
structures discussed in Art. 102, Flow 
C’asts, but careful examination of the 
lithology of the contiguous bed should prove the nature of the structure 
in question. 

70 . Incomplete Current Ripples .—Under certain bottom conditions, 
particularly if there is an insufficient supply of sand to cover the entire 
surface, currents heap sand into windrow's that constitute incomplete 
ripples. The shape and relations of these can be used to determine the 
top or bottom of a stratigraphic sequence as illustrated in Figs. 64 and 65. 





Fla. 64.—Complete and incomplete aqucous-current ripple ridges of fine sand buried by mud (now 
shale) in the transition beds between the Carboniferous Squantum tillite and overl>dng Cambridge slates 
on Squaotuni Mead, eastern Massachusetts. Compare with Fig. 233. (Art. 70.) 

* Scott (1930: 53—56) has described and illustrated large, essentially 
incomplete current-ripple ridges from the Walnut limestone member of 
the Texas Cretaceous Fredericksburg formation. These ridges, which 
are really asymmetrical windrows of shell fragments, rest unconformably 
on the Paluxy sandstone and are buried beneath a shell layer (Fig. 65). 
Incomplete current-ripple ridges composed of sand are common in the 





Fig. 63.—Currerit*ripple ridges ero<ied on the 
hack side of the ridge to produce an unusual 
profile. (Art. 69.) (A/fer Brown^ 1912, 
Acod, N<i(» Sei, PhUaddpkic Proc., 63;o39» 
PiQ^ 2 .) 
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stratified beds associated iWth the Squantum tillite on Squantum Head 
(Figs. 64, 233). In both examples just cited, the flat base and discon¬ 
tinuous profile of the incomplete ripples furnish criteria for determining 
top and bottom. 

are probably to be accounted for as Gilbert (1899; 13(r 1914 ; 
243; see also 1899:130) suggests: 



In certain experimetits on flume traction a slow current, mo\ang over a smootli 
channel bed of wood, swept along a small quantity of sand. With increase of tlie 
load of sand local deposits were induced, which took tlie form of thin straggling 
patches, similar to one another in outline and separated by approximately equal 
bare spaces. These moved slowly downstream, the mode of progress being 
similar to that of dunes, and with further 
increase of load they acquired the typical 
profile of dunes. 

According to Bucher (1919: 153), 

Baschin (1889: 420) called attention 
to “ . . . a similar arragement of 
N^nd-blown sand in parallel elongated 
patches/' but it seems quite unlikely 
that a feature of such ephemeral 
nature would be preserved often 
enough to be of any importance in 
the present discussion. 

71. Mud-buried Ripple-mark .—A 
ridged surface, such as that pro¬ 
duced by current or wave ripple-mark 
or by uneven erosion and deposition 

of bottom sands, may when buried by an influx of mud show the 
relations illustrated in Figs. 6G to G8. As the mud settles out of the water, 
the greater thickness accumulates in the troughs between the ripples 
whereas little or none remains on the crests. This manner of deposition 
is probably caused partly by slumping and partly by slight currents of 

water, which wash off some or all of the mud from the crests and deposit 
it in the troughs.* 

The resulting discontinuous shale layer, lying in a sandstone sequence, 
is a good criterion for top and bottom determination as sho\\Ti in Figs. 


— ln)e.isr 


Fig. 65. —Incomplete current ripple ridges in 
a fossiliferous Cretaceous liniestone (Walnut) 
of Texas. The ridges are composed of shell 
fragments that were heaped up by bottom 
currents. In some places on the bottom the 
shell detritus was so thin that a continuous 
sheet of ripple-mark could not form; instead 
there developed a series of disconnected ripple 
ridges. It should be noted that these incom¬ 
plete ripples are many times larger than 
similar ri«lges of sand present in the Carboni¬ 
ferous Cambridge formation of eastern 
Massachusetts as illustrated in Fig, 64. 
(Arts. 70, 177.) {Adapltd from ScoU, 1930, 
Ttiaa t/niV. Bull.. 3001: 53. Fig. 12.) 


» Cox and Dake (1916: 25) refer to the partly filled troughs of ripple-marked beds 
in Missouri and state: 

Observation of a considerable number of these filled ripple marks in place in beds known 
not to be disturbed shows that the filling material accumulated in the troughs. For practi¬ 
cal purpoTOS. then, when such material fills the depression, it may safely be assumed to be 

the trough of a true ripple mark . . . ; while if more rarely it is found capping a ridge 

the ridge may be assumed to bo the cast which formerly fiUed the trough. 
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66 to ()8. ^^llen ^^e^ved in transverse section, the concave lenses of shale 
are conspicuous, symmetrical in the troughs of wave ripples and asym¬ 
metrical in the troughs of subaqueous current ripples and in irregular 



ViQ. 66.—Diat^ram ahowin^j lenticular shale deposits in the depressions of an irregularly rippled surface 
in the midst of a massive sandstone. At the time when the mud was deposited the sand bottom ha<l 
considerable irregularity because of local deposition and erosion. Many of the ridges are wave ripples. 
The mud was washed off the higher prominences and ripples and concentrated in the depressions, where 
it was compressed by the incoming sand. Thb feature can be develoi)ed on a microscopic scale or on a 
scale rnea-surahlc in meters. (Arts. ?!• 76. 80.) 

depressions. \Vhen \'iewed in plan, after separation of the sandstone 
layers, the shale is seen to lie in broad bands—the trough fillings— 
separated by narrow bands of sandstone alone or sandstone TNith small 




B 

Fio. 67.^Mud-buried ripplc-inark. A. Current ripples buried by red mud in the Carboniferous 
Roxbury conglomerate along Hammond Pond Parkway. Newton. Moss. The shale layer is thinnest 
over the crests and thickest in the troughs. When taken with the shape of the shale layer, the current- 
ripple ridges provide a top and bottom feature. B. Wave-ripple ridges from the same locality as A. 
(Arts. 71. 76. 80.) 


patches of attached shale. On complexly rippled surfaces and on those 
of irregular relief, the shale-sandstone relation is likely to be less simple. 
Plant remains and other organic debris may also be expected to concen- 
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trate in the troughs and, if buried, to form a thin carbonized layer (Fig 
50). 

Kindle (1936a: 867), in discussing certain irregularities of shallow- 
water sand bottoms, cites an instructive example bearing on the present 
discussion. His description, abstracted from notes made by Kellogg 
(1905: 38) along the Gulf Coast, follows: 

[After wading] perhaps 1500 feet across slightly elevated ridges with hard 
bottom the same traverse was repeated two days later when the depressions were 
found to he three or four inches deep with very soft mud and the ridges free of 



Fio. 68.—Mud-buried ripple ridge. Transverse section of a symmetrical ripple ridge of coarse suiui 
overlain successively by red clay, reddish-brown silt, and gray sand. It should be noteil that the 
sequence just given Ls the reverse of the usual textviral succession of coarse to fine. Both clay and silt 
layers show prominent thinning over the ripple crests and thickening in the intervening troughs (see 
Fig. 67). This phenomenon occurs in the Carboniferous Roxbury conglomerate along the Hammond 
Pond Parkway in Newton, Mass. The specimen is reduced to about two-thirds natural size. (Arts 
71. 80.) 


mud. It thus appears that a complete chtinge in the character of the material in 
the upper three or four inches of these trough structures may take place in 
48 hours. 


72 . Limilatiojis in Use of Current Ripple-mark .—In general, well- 
preserved current ripple-mark of either aeolian or aquatic origin is of 
little use and reliability in determining the top or bottom of a stratigraphic 
sequence. 

On the other hand, certain primary and secondary features of the 
ripples themselves are quite useful and should always be sought. The 
more important of these are (1) coarser and heavier particles concen¬ 
trated in the troughs of aquatic ripples and on the crests of aeolian ones 
(Art. 67): (2) metaripples, with small mud deposits in the troughs (Art. 
67); (3) cross-lamination with laminae parallel to the steeper slope of 
the ripple ridge (Art. 68); (4) flat-topped ripples transected by erosion, 
hence possessing an unusual profile (Art. 69); (5) transversely grooved 
ridges with miniature deltas at the ends of the grooves and at the base of 
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the steeper slope of the ripple ridge (Art. 69); (6) incomplete ripples 
(Art. 70); and (7) concave lenticular shale layers in the troughs of ripple- 
marked surfaces (Art. 71). 

73. Akitidune Ripple-mark. —If a current of water reaches that 
velocity at which its effects extend below the sand surface over which it is 
flo^^'ing, a mo\ing layer of mixed sand and water comes into existence. 
This layer grades do\N’nward by transition into the motionless substratum. 
If the velocity is increased beyond this so-called “smooth phase,” the 
sand surface again becomes undulator\" \rith symmetrical ripples having 

Flow of wafer " > 


A 

B 




Fio. 69.—Sand and mud transportation by currents fiowinR at different velocities. The heavy line 
marks the first position; the broken line, the second position. A. Transport by asymmetrical ripple 
ridges that advance downstream. B. The sediment moves along the bottom in a thin sheet as velocity 
increases over conditions in A and the ripple ridges are destroyed. C. With still greater velocity, there 
is development of turbulence followed by antidunc transport in which the sharp-crested ridges are eroded 
on the downstream side and, as a consequence, advance upstream. Preservation of A gives asymmetri¬ 
cal ripple-mark: of B, laminated siltstone and sandstone; of C. antidune ripple ridges. (Art. 73.) 
(Modifitd after Lamont, 1941. Quarry Mananera' Jour., 24, Fig. 9.) 

flattened or gently rounded crests (Fig. 69). These ripples, termed 
antidunes by Gilbert (1914: 11, 31) and regressive sand-waves by Bucher 
(1919:165), differ from ordinary current ripples by traveling upstream, 
the movement being “ . , . accomplished by erosion on the do\\mstream 
face and deposition on the upstream face” [Gilbert (1914:11)]. Lamont 
(1941: 127) points out: “These rush back against the flow of the stream, 
erosion taking place on the concave sides and deposition on the convex 
...” (Fig. 69). 

It is not likely that regressive sand waves would commonly be pre¬ 
served, for they are almost certain to be destroyed as current velocity 
decreases. They are mentioned here, however, because structures 
interpreted as antidunes have been described* and illustrated (Fig. 70). 

* Lamont (1938: 14—15; 1941; 135) describes and illustrates an unusual kind of 
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74._ Wave (OsciLLATiox) Ripple-mark . —Jukes and Geikie (1872: G3) 
appear toliave been the first to point out the use of wave ripple-mark for 
determining top and bottom of beds. Since then many writers have 
mentioned the features, among them Van Hise (1890: 719-721), Cox and 
Dake (1916), Kindle (1917:54-55), Bucher (1919:184-185; 1932:635), 
and many later authors of textbooks on structural geology. 



Fig, 70,—Antiduncs in the Posidonomya limestone, County Dublin, Ireland (X0.6), Thb structure Is 
exposed in a rock face that is inclined steeply seaward. The bed containing it is on the northward 
dipping limb of an anticline. Returned to horizontal position, the feature indicates a current that 
flowed from the north. (Art. 73.) (After Lamont, 1938, Royal Irish Acad. Proc.y 46: 15, Fiy. 4.) 

76. Form and Varialions .—The oscillation of water in wave action 
produces distinctive ripple-mark characterized by marked symmetry of 
crest and trough.* The crests are fairly sharp or slightly rounded and 

rippled structure, which he suggests was formed in the same way as antidunes, 
(see Fig. 70). 

^Gilbert (1899: 137-138) has described the formation of wave ripple-mark as 
follows: 

The ordinary ripple-mark of beaches and rock faces is produced by the to-and-fro 
motion of the water occasioned by the passage of wind waves. During the passage of a 
wave each particle of water near the surface rises, moves forward, descends, and moves 
back, describing an orbit which is approximately circular. The orbital motion is com¬ 
municated downward, with gradually diminishing amplitude. Unless the water is deep 
the orbits l>elow the surface are ellipses, the longer axes being horizontal, and close to the 
bottom the ellipses are nearly flat, so that the water merely swings forward and back. It 
is in this oscillating current, periodically reversed, that the sand-ripples are formed. A 
prominence occasions vortices alternately on its two sides, and is tliereby developed in a 
symmetric way, with equal sloiies and a sharp apex. There is a strong tendency to produce 
the mole laterally into a ridge, the space between ridges is definitely limited by the inter¬ 
ference of vortices, and in time there results a regular pattern of parallel ridges, equally 
spaced. 

It has been found experimentally that by varying the amplitude of the water oscillation, 
and also by varying its frequency, the size of the resulting ripples can be controlled; but the 
precise laws of control have not been demonstrated. Evidently the frequency of the 
natural oscillation equals the frequency of the wind waves, and its amplitude is a function 
of the size of the waves and the depth of the water; so that a relation will ultimately be 
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the troughs gently rounded (Figs. 71, 72). Hence with well-preserved 
wave ripple-mark there should seldom be any question as to the top of the 
sequence containing it (Fig. 73). 



Ripple 


Fio. 71. Block diagram showing typical wave ripples and their counterparts. The chevron structure 
below the ripple crests ts not present, in reverse, in the overlying bed since it is a feature of the ripple 
ridge only. See Fig. 82. (Arts. 75, 77.) 



Diagrammatic sections of wave ripple marks. A-D. Original ridges. Original ridges 

or flattened by erosion of the crests. G. Original 
Sec lm 1913^ lateral compression. (Arts. 75, 76.) (After FerUon arid Fenton, 1937. BulU Ofol. 


Some wave ripples have a secondary ridge of small magnitude along 
the axis of the trough (Fig, 74) , and Van Hise (1896: 720) has pointed 

established between wave-size, wave-period, and water-depth as conditions and ripple-siae 
as a result* 

Evans (1941:41) has recently pointed out that 

. . . wav^formed ripple marks should be placed in two classes: symmetrical osciUation 
ripples, which do not travel, formed by waves of oscillation which act on the bottom but are 
not distorted, and symmetrical osciUation ripples, which usually do travel, and which are 
formed by distorted oscillation waves. 
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out the usefulness of this feature in determining the top side of stoepiv 
inclined beds: 


Normiil ripple-marks consist of a series of sharp ridges separated hv rounded 
hollows, each of which, however, often has a slight sliarp ridge in its center. 


Fjo. 73.— Coiiiitorpart of oscillation rippb-mark a.s preserved on the undersurface of a tliin snnd'toiic 
layer of IVniiiun hkc. Since this is the reverse of a rippled surface, the crests of the ridtses are broad 
and rounded, wlicrcus the troUKhs are narrow and niiEiilar. as shown in the diaKratinnatic profile. 
(Art. 75.) 




Flo. 74.—Ripplc-inark composed of two seta of parallel ripple ridRes dilTerinc croally in maenitude. 
A. Original rifipled surface. B. Obverse of rippled surface or undersurface of layer covering A. 
(Art. 75.) [A/ter Van flier. 1896, U.S. Geol. Surrey Ann. Rept., 16 (1): 719-720, Fige. 141. 142.) 


Tlie obverses or custs of sucli rij)ple-inaiks have an entirely different appearance. 
They consist of l)road rounded ridges, each of which has a slight depression in its 
center, and the ridges are separated by steep depres.sions. . . . Tlie profile of 
eitlier of these figures is shown by [Fig. 75], which is placed in a vertical position. 
One side represents the ripple-marks as normally formed, the other their cast or 
obverse. 
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Other similar complications [see Kindle and Bucher (1932 : 650 /.)] 
need not affect the usefulness of a wave ripple as a criterion so long as its 
essential foim is apparent. It is only when the crests have undergone 
considerable erosion that the wave ripple becomes of questionable relia¬ 
bility. These modifications are discussed in Art. 76. 

Many kinds of compound ripple-mark are formed by the interaction 
of waves and currents. Two sets of ripples may be formed simulta¬ 
neously, or a second may be formed after completion of the first. Such 
complicated systems are common but usually are not reliable for deter- 
mining the top of the sequence in which they lie because of the confusion 
of ciests and their modification by erosion. If the profile of the sharp 



Kia. 75.—Diagram showing profile of ripplc-mark like 
that illustrated in Fig. 74. With the fact in mind that 
the second-order ripple ridges lie along the axes of the 
major troughs, it is possible to determine at a glance 
whether the profile is normal or overturned and. in ver¬ 
tical beds, the direction in which the beds face. (Art. 
75.) {5*etcA based on Van Hise. 189R, U.S. Geol. Suney, 
Ann. Repl., 16 (1): 721, Fig. 143.J 


crest is preserved, however, 
it is a reliable top and bottom 
indicator (Figs. 76, 77). The 
several complicated systems 
of ripples are discussed fully 
by Bucher (1919), Kindle 
(1917: 29-36), and Kindle and 
Bucher (1932: 653-655). 

Wave ripples are typically 
small features with wave 
lengths seldom e.xceeding a 
meter and amplitudes of only 
a few centimeters. Ripples 
larger than these are usually 
given special designations 


(e.g., pararipples, meta¬ 
ripples). ICindle (1936a: 861-869) describes “ridge and trough struc¬ 
tures,” which are essentially like wave ripples except that they are 
spaced many meters apart instead of a few centimeters. 


76. Modificatians of Form .—Wave ripple-mark is commonly modified 
by penecontemporaneous erosion with consequent rounding or flattening 
of the sharp crests, as illustrated in Figs. 78 and 79, and by partial filling 
of the troughs as discussed in Art. 71 and illustrated in Figs. 66 to 68. 
A wave-rippled surface may be completely covered with a thin layer 
of mud which, indurated to shale, sharply outlines the ripple profile and 
suggests the top in a sequence of coarse and fine sand, as shown in Fig. 80 
(Art, 80), 


Oscillation ripple marks developed in fine argillaceous silt may be so 
modified by \vind drift acting on a thin film of water overlying them that 
they take the form of “ , . . rounded flat-topped blobs not unlike tar 
creeping on a sloping surface. ...” Bucher (1938:735), from whose 






Courtt^ of G€oloQical Survey of Canada 

ripple-mark on Pennsylvanian sandstone from Cape Breton Islan.l. Nova 
Scotia, lilts sharp-crested symmetrical type of ripple-mark provides an excellent top and hottom 
criterion. (Art. 75.) {After Kxndh, 1917. Gtol. Survey Canada Mus. Bull. 25: 43. Plate 30^. Photo- 
graphxc prxnit 36046, furnished by iht Geological Survey of Canada,) 
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Fig. 77.--Intcrference wave ripple-mark on an ancient, fine-jrrained quartzite. The sharp crests and 
rounded troughs show that this is the original surface. The specimen is about 30 cm. (124- in.) lomr 
and the average wave length of the main ripple ridges is about 35 mm. ( 1.4 in.). (Art. 75.) 
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article the preceding quotation was taken, reported such modified 
ripples from the tidal flats at Wilhelmshaven, Germany, and pointed out 
that “in the fossil record this [t.e., the modified ripple form] has been 
thought to indicate \dscous flow of sediment on relatively steep slopes on 
the sides of geosynclines.” In a recent article, however, Pringle and 
Eckford (1945: 7) ascribe to penecontemporaneous erosion of oscillation 
ripple marks a system of uniformly directed linguoid ridges on the top 
suriace of a steeply dipping Silurian graywacke bed in Scotland. Had 



A. Uneroded shorp crests 



B. Rounded crests 




0. Flattened crests 

1 10 . 78.—Diagrams showing change in profile of wave ripples by transection of the crests. Even though 
wave ripples are commonly eroded to some extent, the resultant profile is ordinarily usable as a top and 
bottom criterion. (Arts. 76. 77.) 

these features been described a decade or so earlier, they very likely would 
have been ascribed to viscous flow. 

Animals wading and crawling over a ripple-marked bottom commonly 
leave footprints, trails, and other evidences of their travel, and these 
markings may be so related to the troughs as to indicate the top surface 
of the rippled bed (Fig. 51). 

If contiguous rippled strata separate, a part of the sharp crest of a 
ripple ridge may adhere to the underside of the covering layer, resulting 
in imperfect ridges and in irregular rough bands on the counterpart where 
the impression of the crest should be (Figs. SIA, B). 

The modifications just described may increase the reliability of wave 
ripple marks as criteria of superposition, or they may render them com¬ 
pletely useless. The limitations of their use are indicated in the captions 
accompanying the figures. 
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77. Internal SintcUire .—The typical wave ripple has a distinctive 
internal structure characterized by superimposed chevronlike laminations, 
the surfaces of successive ridges (Fig. 82). Since wave ripples maintain a 
fixed position so long as the conditions producing them remain unchanged, 
successive crest-s may be directly superimposed through sandstone beds 
as much as 15 cm. (6 in.) thick, as 
reported by Kindle (1917; 27) in the 
Joggins section, and Gilbert (1880: 

61-62) describes an example in which 
the lamination of the beds shows that 
a set of ripples held the same position 
during the deposition of 0.6 m. (2 ft.) 
of sediment. Under certain condi¬ 
tions one slope of the chevron may 
be better preserved than the other so 
that the ripple ridge appears to 
have imperfect unidirectional cross¬ 
lamination (Fig. 52B). 

If the sharp crest of the ripple 
has been truncated by erosion, the 
chevrons show similar tnmcation. 

Furthermore, if most of the rippled 
surface has been worn away or if it is poorly preserved, the internal 
structure should be nonetheless useful in indicating the upward angularity 
of the original crests (Fig. 78). Unfortunately, the internal structure of 
many ripple-marked beds is indistinct or lacking, and its use is thus 
definitely limited. 



PiQ. 80.—Wave ripples marked by a thin red shale film in the Pennsylvanian Warnsutta red beds near 
Big Pond, Braintree, Mass. The shale film is less than a milUmcter thick over the crests and several 
millimeters thick in the troughs. Inasmuch as the sandstone containing the shale film is homogeneous 
in toxture and structureless, the thinly lenticular trough parts and the ribbon-thin crest parts of the 
film provide a means of determining top and bottom in the bed. Compare with Fig. 86. (Arts. 76, 80.) 

It is probable that some of the so-called “compound foreset” type of 
cross-lamination represents the internal structure of interference, or 
compound, ripple-mark. In many deposits it is possible to determine the 
top surface of a compound rippled sand layer by observing the cross¬ 
lamination visible in a transverse section (see Art. 132). 



Fio. 79.—Eroded syitimctrical rippio mark.s 
on the top surface of a layer of Lower Ordo¬ 
vician New Richmond sandstone from Wis¬ 
consin. The ripples have a wave leiigtli of 
about 3 to 4 mm. to in.). The ripple 
ridges have a flattened crest, whereas the 
troughs between are round-bottomed (c/. Fig. 
78). (Art. 76.) 
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A further warning should be sounded with reference to internal 
structure. The chevron structure of wave ripple-mark should not be 



I'lo. 81. Wave ripples and coutiterparts. vl. Block diacrani showine how the cre.st of a wave*ripple 
ridge may break along the .stratification anil adhere to the underside of the covering layer. B. Under¬ 
side of a thin sandstone layer with counterpart.s of wave ripples and several adhering crests that separ¬ 
ated from their parent layer. Inastinich a-s steeply inclined ripple-marked layers commonly separate 
along the surface of contact between ripples and their counterparts, a surface like the one shown here— 
which Is a counterpart—is fully as useful a-s the original surface itself for determining top and bottom. 
The specimen is from the MissLssippian Horton sand.stone of Nova Scotia and is about one-third natural 
sire. (Art. 76.) 



Fiq. 82. Wave ripple-mark and counterpart in an argillaceous sandstone. The layers lie in a 
normal position, the top being toward the top of the illustration. Note the several superimpoeed 
laminae in the rippled layer. The scale is 5 cm. (2 in.) long. Compare with Figs. 71 and 81. (.•Vrt. 77.) 


mistaken for quite similar structure in certain types of calcareous algae 
(Fig. 83; Art. 161). The latter structure is produced by direct precipita¬ 
tion of calcium carbonate, w'hereas ripple-mark depends on the granular 



FEATUHES of sedimentary rocks {ID 


121 


nature of the sediment. Therefore, textures should be carefully noted 
along with other features mentioned later .in Art. 161. 

78. Scalloping.—Gmnev (1941:1621-1622), in discussing sedimentary 
features that he found useful for top and bottom determination in the 



A. Inverted wave ripples 


B. Upn'qht algal structure 


Jnnfi r ripple-mark and uprisht algal stnicl.ire. W ave ripple-mark is 

fcalcaroous muds, etc.—whereas algal structure L typically 

meLu^ahle f« characteristically confined to thin laye« 
Sn ^ V *f”'*"**^®” of thickness, whereas alga! structure commonly extends through inetere of 
thickness. Furthermore, a single ripple lamina is flat over considerable areas, whereas a lamina of an 
algal mass is characteristica ly conoidal or hemUpheroidal. Typical wave ripples have a much lower 

oMitiw TifZ r laminae. Except in limited exposures, it should not be difficult to make a 

po8iti\e differentiation between wave npplc-mark and algal structure. (Art. 77.) 

Minnesota Pre-Cambrian, mentioned a feature that he called scalloping 
and described as follow’s: 


A new, but uncommon, kind of criterion was discovered by Dutton [one of 
Gruner s field associates]. It looks like ripple marks at first glance. Close 
inspection shows that it occurs only in slates and is connected with neither ripple 
marks nor mud cracks. As in ripple marks it has a concave side which is always 
toward the top of the beds. The writer believes that it has some connection 
with differential expansion or shrinkage of adjoining layers before coin]>lete con¬ 
solidation. For want of a better name it was called "scalloping.” 



r" ® ‘^'l^verse section of •■scalloping" structure develoi>e.l in fine-grained Pre- 

Cambrian sedirncnta of probable tuffaccous origin. The crest part looks broken in some instances 

“ uncertain, it is a useful top and bottom criterion. (Art. 78 ) 
(6Are/cA and de$cription /urntBhed by J. W. Oruner.) ' ■* 


In response to the author’s request Dr. Gruner kindly sent the sketch 

which is reproduced here as Fig. 84 and with it the descriptive matter on 

which the caption is based. According to Dr. Gruner’s letters (Nov. 30 

and Dec. 11, 1942), the best exposure of the feature is in Section 8 

Township 65 North, Range 6 West, north of Star Lake, in northeastern 
Minnesota, where 
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The scallops are nsible only in transverse sections. The slates have a dip of 
about 90 degrees and, since the outcrops are glaciated, almost horizontal expo¬ 
sures are the rule. The scallops are definitely not parts of mud cracks. I do 
not believe they are oscillation ripples though one might debate that point. 

The striking chevron stmcture is at once suggestive of that in wave 
ripple-mark. It may also represent an unusual preservation of shrinkage 
cracks in which successively higher laminae became more concave— 
somewhat similar, perhaps, to those found south of the Blue Hills in 
Massachusetts (Fig. 86). Whatever its origin, however, scalloping 
appears to have proved a useful featiire in the field and deserves further 
investigation. 



tio. 85.—Incomplete wave- (oscillation-) ripple ridizes forme«l on a bottom where there was insufficient 
Kranular material to form a continuous sheet of ripple-mark. A. Cross section of large incomplete 
ripples m the Cretaceous Goodland formation of Texas. The ridges arc composed of shell fragments 
that were heaped up on the shallow bottom and then buried by yellow calcareous clay. The ridges 
trend in a northeast-southwest direction parallel to the old Cretaceous shore line. Compare these with 
Fig. 65. {Adapted from Seotl. 1930. Texas Unit. Bull., ZQOl: 54. Fig. 13.) B. Incomplete wave-ripple 
ridges of sand in the Carboniferous Cambridge slate of eastern Massachusetts. These are only about 
one-fifteenth as large as those shown in A. (Art. 79.) 

79. Incomplete ^Vave Ripple-mark .—On firm bottoms covered with 
a thin layer of loose sand, wave motion tends to heap the grains or parti¬ 
cles into small and more or less symmetrical \\indrows similar, except in 
profile, to those described in Art. 70 and illustrated in Figs. 64 and 65. 
If these ridges with sharp or rounded crests were buried by mud, they 
would be just as useful as, and in all probability not easily distinguishable 
from, similar current-formed ridges. Sand ridges believed to have been 
formed as incomplete wave ripples are common in the coarse bedded 
elastics overlying the Squantum tUlite (Figs. 85, 233) and were long ago 
reported by Gilbert (1899: 136) from the Medina sandstone of New York. 
Scott (1930:53-56) has reported small more or less symmetrical 
ridges of shell debris from the Goodland limestone of the Texas Cretace¬ 
ous (Fig. 85). 

Incomplete wave ripples are probably more common in ancient 
sedimentary rocks than the existing literature would indicate. Their 
usefulness as a top and bottom criterion is dependent on the shape of the 
ridge and its relations to contiguous strata. 

80. Mud-huried Wave Ripples .—If a limited amount of mud is 
deposited on a wave-rippled surface, the undulating lamina may be 
buried \vith little change in its over-all thickness. More commonly, 
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however, it thins slightly over the crests and thickens somewhat in the 
troughs, as shown in Figs. G6 to G8. In the latter case the layer itself 
becomes a significant feature by its profile, quite apart from the profile 
of the ripple-mark it covers. In fact, in some rocks the sharp part of the 
crest has been eroded away, and the shale layer then appears as a line of 
concave lenses with sand above and below (Fig. 86). 

This feature has been used successfully in determining the top of mas¬ 
sive sandstone bodies in the Roxbury conglomerate south of Boston. 

81. Textural Vanatioii in Wave i2fpp/cs.—Bucher (1919: 184) states: 

All oscillation ripples show a more or less perfect assortment of grains, with 
the lightest grains forming the crests and the heaviest the bottoms of the troughs. 

. . . Off the west side of the Island of Bourbon in the Indian ocean, the French 
engineer Siau observed ripples the crest of which was formed by wliite coral sand, 
the troughs by black basalt sand. The presence of this assortment of grains is 
perhaps the most reliable characteristic of oscillation ripples. 



Hem. ^6.6 in. 


Ho. 86.—Red shale crescents in the Pennsylvanian Wamsutta red beds near Big Pond Braintiee 
Mass. The crescents represent cross sections of shale fillings in the troughs between symmetrical rinrle 
ridges. The actual crests of the ripples arc not well preserved but can be reconstructed from the curva- 
tur^ of the shale layers. It is probable that the crests were denuded of the original mu<l, which wus 
washed into the adjacent trouglis [see Cox and Dake (1915: 25)). (Arts. 76, 80.) 

It might well be added that this textural difference in crest and trough 
is significant if the former has been rounded or flattened by erosion (see 
Figs. 78, 79). Another kind of textural variation might be present in the 
chevron structure described in Art. 77 if mica flakes were deposited on the 
two slopes of a crest. However, no published notice of this phenomenon 
has come to the attention of the author. 

82. Pseudo Ripple-mark. —Certain bedding-surface features con¬ 
sisting of more or less parallel ribs and ridges have been erroneously 
identified as ripple marks. One such feature is the sharply ridged surface 
of a competent bed such as quartzite which is in contact with an argil¬ 
laceous layer having fracture or slaty cleavage (Fig. 87). A case in point 
is illustrated by the Pre-Cambrian Vishnu schist of the Grand Canyon of 
Arizona. Maxson and Campbell (1934: 298-303, Fig. 2) described and 
illustrated a ribbed surface on a vertical quartzite bed in contact with a 
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layer of mica schist and, because of the symmetry and general plan of the 
ridges, interpreted the configuration as oscillation ripple-mark. This 
interpretation was challenged by J. T. Stark, who suggested a deforma- 
tional origin. Accordingly, appropriate specimens were collected and 
submitted to E. Ingerson for petrofabric analysis. Ingerson (1939: 1953; 
see also 1940: 557-569) reported on his findings as follows: 

Without exception the axes of the pseudo ripple marks are important fabric 
directions, both for quartz and mica, whereas the axes of the actual ripple marks 
appear to bear little or no relation to the fabric. 

. . . Fold axes can be determined, or confirmed, from the microscopic fabric 
when megascopic data are not clear, and the direction of motion during deforma¬ 
tion can be inferred. 

Maxson and Campbell (1939: 606), accepting the results of Ingerson's 
analysis, closed the matter by stating that "... the crenulations of 
Archean quartzite described as ripple mark [Maxson and Campbell 
(1934; 298-303)] are only ‘pseudo ripplemark,’ for in reality they are drag 
folds formed by deformation in the Vishnu series during late Archean 
metamorphism.” 

A second example of this kind of pseudo ripple-mark was recently 
called to the attention of the author by Prof. W. J. Mead, who observed 
the phenomenon in the Pre-Cambrian Ocoee quartzite of Tennessee and 
collected the specimen illustrated in Fig. 87B. The ribbed surface, which 
has the configuration of the reverse of a true ripple-marked surface, was 
observed in an area of several hundred square yards (or square meters) 
on a rather steeply dipping bedding plane. The phenomenon first 
attracted attention because of its striking resemblance to ripple-mark. 
Close inspection showed that the riblets are the surface expression of 
gently inclined imbricating platelets bounded by fractures which die out 
into the quartzite within a centimeter of the surface. Our specimen 
show's this relation of riblet and fractures very clearly (Figs. 875, C)- 
This kind of pseudo ripple-mark, w'hich seems to be similar to the crenu- 
lated structure described by Maxson and Campbell (1934:298-303; 
1939: 606), is unquestionably of tectonic origin. 

Bucher (1919:203) describes a peculiar ridged surface produced by 
friction in brick mud being cut by ^vire and cites Geinitz (1911: 640-643), 
who reported "... delicate ruffling of the surface of schistosity of many 
slates, which may represent an analogous phenomenon of friction.” 

Bucher (1919: 203) adds the followng note of caution in a footnote: 

This rippling of the cleavage surface may attain larger dimensions in slates 
and schists (c/. Henke, Zeitsckr. DetUsck. GeoL Ges. Monatsberichte, 1911, P- 
104). True ripple-mark must, however, not be mistaken for it in rocks showing 
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slaty cleavage in argillaceous layers. For an interesting discussion see Krause, 
Zeitschr. Deuisch. Geol. Ges. Monatsberichte, 1911, p. 196-202. 
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Fio. 87.—Pseudo ripple-mark—a system of dynamically produced, more or less symmetrical riblets 
bearing a striking resemblance to the typical ripple-mark made by wave action. A. Diagrammatic 
section across a zone of mica schist between vertical massive beds of quartzite in the Pre-Cambrian 
Vishnu formation of the Grand Canyon region. As a result of the deformation that rotated the strata 
to their vertical position, riblets were formed on the surfaces of the two quartzite layers bounding the 
schistose zone, whereas the incompetent argillaceous material of the zone was altered to mica schist. 
Although we cannot be certain, it is probable that the ribleU* are the surface expression of short inclined 
platelets bounded by fractures, as illustrated by Fig. 87£. The riblets, which arc single or forked in 
plan, are 12 to 18 mm. (H to H in.) across and have relief of 6 to 0 mm. to H in.); those shown in B 
are of about the same magnitude. B. View of the surface of a small specimen of Pre-Cambrian Ocoee 
quartzite from the Cheo Dam site on the Little Tennessee River at Tapoca, Tenn. The surface con¬ 
figuration. which might readily be mistaken for the reverse of a ripple-marked surface, consists of essen¬ 
tially parallel and symmetrical riblets with well-rounded crests and sharply angular troughs (see C). 
It is to be noted that the riblets vary considerably in width and curve somewhat in plan—two features 
not especially characteristic of wave ripple marks—and that they arc the surface expression of gently 
inclined imbricating platelets bounded by parallel fractures which die out into the quartzite within 10 
to 12 mm. (about H in.) of the surface. C. Diagrammatic cross section along one of the longer sides of 
the specimen illustrated in B, show'ing the profile of the ribbed surface and the relation of the fractures 
to the riblets. The fractures are inclined about 30® to the general plane of the ribbed surface. (Art. 
82.) [A If hated on a deeeriplion and a photograph by Maxton and CampbeU. 1934, Am. Jour. Sei., (5) 
26: 209, Fig. 2. B represents a specimen collected by IK. J. Afead.] 


Certain types of algal stnictures may also be mistaken for ripple-mark 
if the symmetrically crenulated structure is not observed carefully (Art. 
177). 

83. Summary of Ripple-mark. —There is probably no better way of 
summarizing the importance and limitations of the form of ripple-mark as 
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3- top 311(1 bottoni criterion th^n to cjuote from one of the nhlest observers^ 
E. M. Kindle (1917: 54-55), who writes: 

In areas of excessive orogenic disturbances it is often very difficult to ascertain 
with certainty the original order of superposition of the beds. The discovery in 
such beds of ripple-mark often serves to clearly indicate which is the top and 
which is the bottom of the section. A reversed or overturned bed of ripple-mark 
would, of course, indicate a corresponding reversal of the original order of the 
beds of the section. This use of ripple-mark in determining order of superposi¬ 
tion, of course, assumes that the trough and crest in ripple-mark are unlike and 
distinguishable. Certain kinds of ripple-mark which have ridges and troughs 
distinctly unlike may be used in this way. Where the crest and trough show 
a similar degree of curvature as in the case of some wave-made ripple-mark it 
would be impossible to distinguish the sandstone mould from the original ripple- 
mark. Most examples of current made ripple-mark exhibit the same characteris¬ 
tic of contour of the trough and crest being so nearly identical that discrimination 
between a mould and the original would be very difficult and often impossible 
in the case of fossil ripple-mark in beds where the order of superposition was 
unknown. ... It is, therefore, evident that current ripple-mark with crests and 
troughs of similar contour cannot be used as criteria for determining the true 
order of superposition in areas of complex structure. The type of ripple-mark, 
which is very common in wave ripple-mark, characterized by sharp angular crests 
separated by wide rounded troughs ... or rounded hollows, each of which has a 
low sharp ridge in the centre . . . may be depended upon, however, to furnish 
decisive evidence regarding the order of superposition in disturbed areas.^ There 
appears to be no exception to the rule that in the type of ripple-mark in which the 
profile shows a series of gentle curves connected by angles the angles will repre¬ 
sent the crests. . . . Since no examples of ripple-marks with rounded crests 
and angular troughs are known, the angular parts of the profile can be considered 
to represent the crests when found in beds whose order of superposition is 
unknown. While the evidence of this kind of ripple-mark is entirely trust¬ 
worthy It should be clearly understood that the interpretation of the evidence of 
the other types referred to is difficult and generally of no value. 

In the foregoing discussion, considerable attention has been given to 
certain detailed structural and textural features of the several types of 
ripple-mark because of the importance and reliability of some of these as 

1 Regarding wave npple-mark as a top and bottom criterion, Bucher (1919: 183- 
184) remarks: 

The proaie ... is strictly symmetrical, with sharp crests and broad round hollows. 
The contrast between the original and the cast is therefore marked and offers to the geolo¬ 
gist a means to distinguish the upper and lower surface of strata in regions of complicated 
structure. A good illustration of this use of ripples in structural geology is offered by the 
controversy of Rothplets and Stuchlik on the structure of the Oligocene lignite beds of 
Peisseuberg, m the foothills of the Bavarian Alps, which also serves as Illustration for the 
fact that, although pointed out long ago [Jukes and Geikie (1872 : 63)], this difference 
between cast and original is not as familiar to geologists as it should be. 
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top End bottom criteriE. Not uncommonly they Ere significEnt when no 
dependence whEtsoever ceu be plEced in the form of the ripple of which 
they Ere e pErt. 

W'liether form or some detEiled feature of the ripple ridge or trough is 
being considered es a top and bottom criterion, it is always good practice 
to work out first how the particular feature was made and then determine 
whether it is reliable. If such judicial use of ripple-mark is practiced, the 
original sequence of many steeply tilted sedimentary strata can be defi¬ 
nitely established. 

84. Inorganically Produced Ridges and Depressions.—Careful exami¬ 
nation of the upper and lower sur¬ 
faces of the more thinly bedded 
sedimentary rocks usually reveals a 
variety of ridges and depressions. 

Some of these features were obviously 
produced inorganically; others, by 
organisms (Art. 110); and some are 
of problematical origin. 

Pits, irregular depressions, and 
linear troughs are common and may 
furnish a clue to the top or bottom 
of the layer on which they occur, 
provided that their origin can first 
be determined or their significance 
established in a known sequence. 

The counterparts of these depres¬ 
sions, which commonly are preserved 
on the surface of the contacting layer, 

may be just as useful as the depressions. They must be differentiated, 
however, from original low mounds, irregular blisterlike bumps, curved and 
linear ridges, and other raised features. Like\\ise, the counterparts of 
the latter original positive features must not be confused with original 
depressions. In short, the features discussed in the following paragraphs 
must be studied carefully and used wth discrimination in order to avoid 
mistakes of interpretation. 

The positive and negative features next to be discussed constitute a 
heterogeneous assemblage of structures that are not necessarily related in 
origin. Many of them have been proved reliable for top and bottom 
determination when used properly; others remain to be tested and evalu¬ 
ated in actual field use. All require keen observation and careful study. 

86. Features Made on Beaches by Waves and Tidal Streams._ 

Along the shore where the sea impinges on the land, the moving waters, 



Fio. 88.—Swash marks left on the fine sand of a 
beach by the iobatc fronts of incoming waves. 
They are formed a-s the tide goes out, with each 
w-ave advancing less and less up the beach. 
The enlarged diagram at the left shows the 
swash mark to be a tiny ridge that leaves n 
groove in the covering layer. The arcs of the 
swash marks are typically less than 1 m. 
(3+ ft.) in length, though they may range 
widely from that figure. The sketch is based 
on observations along sandy New England 
beaches. Many ancient cla-stic formations con¬ 
tain well-preserved swash marks, which prove 
their littoral origin. (Art. 86.) 
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changing frequently in direction, volume, and velocity, produce certain 
characteristic erosional and depositional features, which, if buried, may 
prove useful for determining top and bottom. The Silurian Medina 
sandstone of New York is well known for its excellently preserved fea¬ 
tures of this kind, many of which were first adequately described and 
illustrated by James Hall in his Part IV of the Geology of New York 
(1843:52-57). 

Waves, undertow, tidal currents, and other water motions both erode 
and make deposits on the shallow littoral bottoms. Swash marks, rill 
marks, current marks, and scour-and-fill structures are the most common 
features. These can be observed in the making along almost any shore 
that has a beach of some extent. 

86. Swash Mark. —Along many present strands the lobate fronts of 
waning waves, advancing over sandy beaches,^ form a system of tiny 
imbricating sand ridges that are convex landward and mark the line of 
farthest advance (Fig. 88). These curved ridges, seldom exceeding a 
millimeter or two in height and composed of very fine sand grains, form 
an integral part of the surficial irregularity of the stratum on which they 
lie. Their counterpart on the underside of a covering stratum is a system 
of tiny imbricating grooves (Figs. 88, 89). 

Care should always be taken that such marks, when viewed in trans¬ 
verse section, are not mistaken for minute ripple marks. This danger 
can be avoided by examining extensive areas of bedding surfaces. 

Swash marks have been reported from many thin-bedded sandstones 
[Fairchild (1901: 10); Clarke (1918: 199-238)], siltstones, and limestones 
and may be observed in the process of formation on nearly any existing 
beach [Hall (1843:54-55); Grabau (1924:708); Twenhofel (1932:669- 
670);Lahee (1941:51)]. 

87. Rill Mark.- —Four closely related features of the strand, or beach, 
region are included under the term rill mark. 

The first of these is a seaward-facing dendritic system of tiny grooves 
or channels made by a small stream that splits into numerous distribu¬ 
taries and dies out as it flows seaward down a muddy or sandy beach 
(Figs. 90B, 91). 

The second type, a landward-facing miniature river system, is com¬ 
posed of many tiny, quickly \Nddening grooves that join a main channel 
which conducts the water seaward (Fig. 90^1). This system of rill marks 
is made as the waters from a dying wave or ebbing tide gather themselves 

^ For a discussion of the “Dominant Factors in the Formation of Firm and Soft 
Sand Beaches,” see Kindle (1936: 16-22). 

^Laudermilk, L. D., and A. O. Woodford, 1932, Concerning Rillensteinc, Am. 
Jour. Sei., 23 (5): 135-154; Abstract, Bull. Geol. Soc. Am., 43: 227. 
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Courleau oj York Siaie Museum 

Fio. 89.—Swasb niarks in the Devonian Portage Handstone of New York (much reduced). Tliei«e 
represent tiny curviJinear ridges of sand pushed up the beach by succc-ssivc overriding waves. A. Plas¬ 
ter replica of the original surface, showing the delicate ridges. B. Undersurface of overlying be<l— 
counterpart of true surface—from which A was made. On this surface the counterparts of the original 
ridges are shallow, narrow curnlinear grooves. (Art. 86.) {After Clarke, 1918, Bull. N.Y. State Mus 
196: 229. Pfofes 24. 25.) 



Fio. 90.—Diagram allowing rill marks made by water flowing seaward as the waves recede or the tide 
falls. A. A dendritic system of small grooves joining seaward into a single channel. B. A large 
system of grooves that split seaward into many small distributaries (see Fig. 91). C. Grooves made 
upstream and downstream from a small object like a stone or shell. In some cases a moat develops 
around the object as shown in tho left figure. The counterpart of a rill system is a similar system of 
tiny ridges. (Art. 87.) 
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into rills that join other rills at an acute angle to form the characteristic 
dendritic pattern. 

These two types of rill mark are likely to be preserved if the sediment 
in which they are excavated hardens enough so that they can maintain 
their form while being buried. The counterparts of such rill marks 
constitute a dendritic system of ridges that, as Grabau (1924: 708) and 
Twenhofel (1932: 671) point out, might be mistaken for a fossil plant. 


Fio. 91. Rill marks made on the sand of a modern beach by receding tidal currents. The water flowed 
toward the upi^r right corner. In this typo of rill mark the distributaries bifurcate downslo|>e toward 
the sea. The sediment of the beach is very fine sand. It should bo noted that the zone of well-formed 
marks b only a meter or so wide and b roughly parallel to the water’s edge. Its inland margin b 
sharply marked, whereas its seaward margin b less dbtinct because of the greater amount of erosion in 
that direction. See Fig. 90R. (Art. 87.) 


A third type of rill mark, reported by Hall (1843:55) and Grabau 
(1924: 708) from the Silurian IMedina sandstone, is formed when water 
flowing down a sandy or muddy beach is locally checked and diverted by 
partly buried shells or pebbles. The water, flowing down against and on 
either side of the obstacle, excavates a moatlike depression around it on 
the upper side, and then cuts a tiny channel seaward for a short distance 
(Fig. 90C). A tiny ridge of sediment may be left or built on the down¬ 
stream side of the obstruction.^ 

> Hall (1843: 55) describes this sort of rill mark as follows: 

The surface beyond the highest point where the water flowed smoothly down, was 
covered with pebbles, some fragments of shells, and the bones and scales of fishes. Every 
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Scrutiny of the facing beds containing this type of rill mark and its 
counterpart should reveal which surface is the original one and which the 
obverse. It is not likely that the feature is very commonly preserved, 
but it should be expected in ancient beach and playa deposits. 

The fouith type of rill mark, commonly developed on a conspicuous 
scale, consists of aligned asymmetrical depressions cut into the materials 
of the strand by ebbing tidal currents or retreating storm waves (Fig. 92). 



Courteau of Ne\e York SitUe Mnaeum 
Fio. 92.— Lobato rill marks in the Devonian PortaRc sandstone of New York (much redneed) A 
Plaster replica of true surface with asymmetrical depressions eroiled “bv rilU followiiiR the fall of the 
tide or pos-sibly the retreat of heavy storm waves on a strand of low pitch.” The current flowed from 
lower left to upper right. B, Counterpart of rilled surface, represented by the undersurface of the 
overlying sandstone layer, showing the lingual ridges formed by sand backfilling the original depres- 
sions. This type of surface has been cited mistakenly as mudflow structure. It must be differentiated 

from flow casts, to which it bears considerable resemblance {sec Art. 102. Fie 117) fArt 87) (Afh,r 
Cforie. 1918. Buff. AT.F. State 3/u«.. 196: 217, P/fl/M 13. 14.) tArt. »/.) (After 


This type of rill mark is well developed in the Devonian Portage beds of 
New York [Clarke (1918:203-204)], Mississippian Horton-Windsor 
series of Nova Scotia, and Pennsylvanian Allegheny sandstones of Indiana 
and probably is common the world over in similar deposits. The counter¬ 
part of the rill-marked sm-face, which appeam to be the more commonly 
preserved aspect of the rill mark, has been mistakenly called “mud-flow" 
structure. It bears close resemblance to what we call “flow casts" in a 

one of these had offered some obstruction to the advancing water; and in that direction 
and on each side, there was a depression or shallow excavation, while beyond the obstacle 
extended a little ridge of sand narrowing and sloping down to the general surface. 
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later article (Art. 102) but differs in having preferred orientation of the 
lingual ridges and in lacking certain minute details of structure. 

88. Current Mark .—Twenhofel (1932:668) applies the term current 
mark to certain irregularities produced by current erosion. He states: 

A current mark which is common on some tidal mud flats uncovered at low 
tide is made by the aggregation of the retiring waters into channels, with the 
result that the surface becomes eroded into rectangular, triangular, etc., high 
places separated by these channels. Such were observed in splendid develop¬ 
ment in Ellis Bay on Anticosti Island, the elevations being 4 to 5 inches high and 
2 to 70 feet across. After becoming covered by succeeding sediments, the channel 
fillings in some instances resemble casts of logs. 

The author has seen similar stnictures, which may have had the same 
origin, in steeply tilted beds of the Horton-Windsor series of Nova Scotia, 
in the flat-lying Pennsylvanian strata of Indiana, and in folded beds of 
similar age in northeastern Alabama. 

The reliability of current mark for top and bottom determination is 
uncertain. It deserves a rigid field test before being discarded. 

There are many other bottom irregularities produced by waves and 
currents on beaches and on the immediately adjacent bottoms. As these 
come to be studied and described, some may well prove reliable criteria 
when found preserved in ancient deposits [see Kindle (1936a: 861-869)]. 

89. Pits Made by Ascending Currents of Gas and Liquid.— 
Currents of gases and liquids moving upward through soft sediments 
form certain features ^\’ithin those sediments and on the surface where 
they flow' forth. Several unusual sedimentary structures have been 
ascribed to such ascending currents, and it is quite likely that some 
features which can be observed today in the making may ultimately be 
discovered in ancient rocks. Pit and mound structures, spring pits, gas 
pits, and certain other papillose features on the surfaces of sedimentary 
layers have possible use as top and bottom criteria and deserve brief 
consideration. 

90. Pit and il/ownd.—Kindle (1916:542-547) and Twenhofel (1932: 
680-681) have summarized several articles that describe certain pit and 
mound structures commonly found in recently deposited muds and 
occasionally identified in ancient shales. The feature may often be seen 
forming in rapidly settling mud of low viscosity,* Gas bubbles and 

* Schofield and Keen (1929: 492-493), in the course of purifying clay fractions of 
soil, observed a phenomenon, during flocculation and sedimentation of the material in 
dilute hydrochloric acid, that produced pit and mound structure on the surface. 
They describe the phenomenon as follows; 

When the concentration of the susi>ension exceeds a certain critical valu^~the signifi¬ 
cance of which will appear later—a number of sharp ramifying fissures develop containing 
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water currents, moving vertically upward through the mud and emerging 
at the surface, produce at the point of emergence a shallow crater simu¬ 
lating a raindrop impression or, less commonly, a blisterlike mound with 
a tiny central pit or crater (Fig. 94). The little crater, or pit, leads down¬ 
ward to the vertical tube along which the bubble or current ascended, but 



Courtesy of Nature 

Fio. 93.—Pit-and-mound structure in soft sediment. The mounds average about 1 turn, in height and 
10 mm, across. Each mound has a wcIUdcfinod hole at the summit. This sort of structure has ))oen 
found in ancient shales (c/. Fig. 05) and if well enough preserved provides a reliable criterion for deter¬ 
mining the top surface of a bed. (Art. 90.) {After Schofield and Keen, 1029. A^ature. 123: 492, Fig. I, 
Copy of photograph furnished by editor of Nature,) 


the tube itself is rarely apparent, especially in consolidated muds and in 
shales, for it exists only as long as the rising column of gas or water can 
keep it open. As soon as current action ceases, the surrounding soft mud 
closes in and the tube disappears. 


clear liquid. The density of this Iwing less than that of the surrounding clay-laden liquid, 
a circulation is set up, clear liquid rising through the fissures while the remainder sinks. 
Some of the fissures form against the glass walls of the vessel, so the progress of sedimenta¬ 
tion can be watched in detail. Near the bottom of the vessel the fissures tend to close, 
and to enlarge progressively towards the top of the column into conical chimneys, through 
which the motion of the ascending liquid can be traced by the movement of floccules 
detached from the walls of the fissures. The circulation is completed by the deposition of 
these floccules in a crater or ring around the e.xit of the chimney. There is no doubt that 
the suspension has acquired rigidity. The descending surface retains the initial form 
impressed on it by the curvature of the meniscus and by occasional air bubbles floating on 
the water. Marks deliberately made on the clay surface are also retained. 

Weaker concentrations settle much more rapidly; in those less than one-quarter of the 
critical, the floccules fall individually, whereas at half the critical value the floccules settle 
en masse leaving a clear supernatant liquid. In the latter case the suspension subsides, 
with a perfectly flat surface, which, when disturbed, shows no sign of rigidity. But as 
the flocks settle on the bottom of the vessel, a layer is built up which has a concentration 
great enough to show rigidity. The chimneys already described then form, and extend 
progressively upwards towards the descending surface. When this is still about 1 cm. 
above the tops of the chimneys, discrete domes, often exceeding 1 mm. in height and 1 cm. 
across, are formed over them, and finally each mound develops a well-defined hole at the 
summit. This stage is sho^vn in the accompanying photograph (Fig. 93], 
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The top of a layer containing this interesting feature can be differ¬ 
entiated from the counterpart preserved on the bottom of the covering 
layer by noting the appearance of the contacting surfaces—pits and 
mounds on the original, or top, surface; counterparts of these on the 
underside, as illustrated in Figs. 94 and 95. 



Fio. 94.—piaKram sliowiiic pit-and-moiind stnicture on the surface of a shale bed aii.J counferparl.s on 
the underMile of tlie overlyiiic stratum. These features are supposed to bo fanned by tifis bubbles 
rising throiiKh water-filled rnud along chiinneylike tubes. The ascending currents carry with them tiny 
particles of mud that arc deposited around the orifice of the tube in the form of an'cncircling ridge, 
giving rise to a low mound with a central pit. The tubes are never apparent in shale because of destruc¬ 
tion during compaction. .\t the rigbt-hand front corner of tlie <liagram is a crnterlike pit formed by a 
springlike current of water that excavated the mud instead of building it up. The inilividual structure.s 
shown in the diagram are seldom over 2 or 3 mm. across and 1 mm. or so high. Compare this diagram 
with Fig. 05. on which it is based. (,\rf. 90.) 


Probable pit and mound structure has been reported from the ancient 
Jklt series of western North America by Fenton and Fenton (1937/;: 1924) 
and from the Carboniferous Cambridge .slate’ [Clark 1923:482], and 

* Ihe rofk containing the structure is finely banded shale composed of alternating 
dark and light layers averaging about a millimeter thick. Clark (1!)23: 483) states 
that [the pits) are surrounded by a raised ring within which is a sunken annular area 
from which the surface rises conically to a central apex or ridge. None of our speci¬ 
mens shows much elevation, 2 mm. being the maximum.” 

The pits are considered to mark the “sites of vents from which gas escaped.” 
The gas probably came front the decomposition of organic matter originally present 
in the mud, although it may also have been air trapped in the sediment. 

A more detailed description of probable pit and mound structure is given by 
Madigan (1928:213), who reports extensive pitting on bedding surfaces of early 
Paleozoic beds in Australia and remarks that they resemble raindrop impressions. 

These little pits are from one-tenth to one-twentieth of an inch [2.5 to 1.2 mtn.j across, 
and almost in contact. They average about 45 to the square inch. They are better seen 
in most cases as little blobs the size of shot on the underside of the overlving layer. . . • 
The bands showing this phenomenon are about half an inch thick, and it was noted that 
there were pits on one side of the slab and projections on the other. thin section unex¬ 
pectedly disclosed that the depressions went right through the half-inch slabs, and that 
a pit on one side was connected xAth a projection on the other. It was noted in the field 
that the pits were on the upper side of the slabs m situ. The thin-section of the half-inch 
slab shows it to be composed of very fine material in bands of varying fineness, as many as 
six bands being definable* The section is marked by vertical lines, the cores of each pit, 



















































































































































































































Flo. 95.—Pit-aiid-iuound structure in Carboniferous Cambridge slate from ca.stcrn Ma-s-sachusetts. 

A. Original surface, showing the characteristic pits, which liave the appearance of tiny doughnuts! 

B. Undersurface of overlying layer, showing counterpart of pitted surface. Imlividuaf counterparts 
api)eur as tiny circular moats surrounding a central mound. (Art. 90.) 


Shenon and McConnel (1940:438-440) describe and illustrate an 
interesting corrugation resembling pit and mound structure, which seems 
to be present on only the undersurface of some quartzite laminae. They 
are not certain of its origin. 

They describe the structure 
as follow's: 

The bottoms of some of the 
light gray and more quartzitic 
laminae of the Prichard forma¬ 
tion [Belt series of Idaho] are 
marked by sharply defined, crin¬ 
kled surfaces, whereas the tops 
of these laminae join smoothly 
with the overlying black laminae. 

. . . Careful checking against 
evidence presented by mud cracks, cross-bedding and cleavage demonstrates that 
the crinkled surfaces are always at the base of the gray quartzitic layers. 





Fro. 9fi.—Ancient pit-and-niound structures in the Car* 
bonifcrous Cambridge slate of eastern Massachusetts. 
These were originally circular in outline but have been 
distorted to such an e-^tent that now they have elliptical 
outlines. (Art. 90.) (Modified after Clark. 1923, Boston 
Soc. Nal. History Proc., 36: 484, Fig. 2.) 


in the form of conical depressions at each surface between the bands, down which the mate¬ 
rial of the band above has sunk into that below in a long tapering cone. . . . The upward 
path of air bubbles in mud is suggested, but material has been carried from each layer 
downwards, and also the pits are so numerous and uniform in size and spacing. 
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The origin of this crinkly surface is obscure, but in plan it resembles the pit 
and mound structures described by Twenhofel [1932: 680-682]. 

91. Spring Pits .—Quirke (1930: 88-91) has described how many small 
pits can be produced on a sandy beach by ascending waters. The 
pits are characterized by concentration of coarser sediment in the central 
part and finer around the periphery (Fig. 97). They are described as 
follows (page 91): 

These pits or craters are usually less than 2 feet in diameter, their walls are 

about 2 inches above the 
level of the surrounding sand, 
and probably 4 inches below, 
having a total depth of 6 
inches. They were character¬ 
ized by a gradation of size of 
grain from a maximum coarse¬ 
ness in the central deep part 
to a mini mum at the outside 
edge. 

Spring pits are 
eral features limited to a 
narrow site along the beach 
and probably are rarely 
preserved; * yet they deserve 
mention along with their associated structures (raindrop imprints, rill 
marks, etc.). 

92. Gas Pits .—Certain distinctive pitlike depressions (Fig. 98) may be 
formed at the surface of a fetid mud that is giving off gas produced by 
decomposition of the included organic matter. Maxson (1940:142-145) 

' Hart and Hawley (1934: 85) have described peculiar cylindrical structures, in the 
Cambrian sandstone near Kingston, Ont., which they called “fossil quicksands.” 
These structures . . . have diameters ranging from two to ten feet and rise vertically 
through horizontal strata from an unexposed horizon, attaining a visible height of 
twenty feet. They are composed of sand grains similar in character, size, assortment, 
and heavy residual content, to those of the contiguous beds.” The authors con¬ 
clude that they . . were formed by currents of water rising through the strata and 
destroying original bedding” before the sand was finally cemented. The currents, 
according to the authors, “. . . possibly created quicksands and issued at the surface 
as submarine springs. Alignment of the structures suggests such springs may have 
risen from a buried fault.” 

Simpson (1936:106) has described a somewhat similar cylindrical structure from 
the Paleocene of Argentina but rejects . the explanations advanced to explain 
somewhat similar structures elsewhere.” 




Fio. 97.—Sprinc pit developed in a sandy beach by ascending 
cuiTcnta of water. Typical pits have the form of a crater. 
They range in diameter from 0.3 to 0.6 m. (1 to 2 ft.) and 
have a total depth of about 15 cm. (6 in.), 5 cm. (2 in.) 
being a rim that rises above the level of the surrounding sand. 
There U a marked difference in the size of the sand grains 
on the rim and in the bottom of the crater. The maximum 
coarseness is in the deepest central part of the pit. whereas 
the finest is at the outside edge. A surface with many pits 
has a dimpled appearance. Spring pits should be expected 
in rocks along with wave and rill marks, trails, and other 
beach-side markings. (Art. 91.) (Sketch based on descrip¬ 
tion and photograph by Quirke. 1930, Jour. Geology, 38; 
88-91, Fig. 3.) 




mmm 


CourUsu of E. D. McKte CourUay of E. D. McKer 

Fiq. 98. —Gaa pits. A. Gas pits in a mud bar showing different stages of obliteration. The rule Ls 30 
cm. (12 in.) long. Depressions of this .sort should be expected in ancient sandstones, siltstones, and 
shales. B. C. Supposed ga.s pits in Cambrian sandstone of Grand Canyon, Arizona. (Art 92 ) [A 
offer Maxaon, 1940, Jour. Srdimtntary PetToiogy, 10: \i2,Fig. 6 . Band Ca/ter McKee, 1945, Carneaie 
InM, Wathingion Pub., 863 (1), Platt 7d.] 
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has described such gas pits,^ which, if preserved without too much 
erosional modification, could be used as a top and bottom criterion. 
They are present in mud-cracked sediments; and since shrinkage cracks 
are commonly preserved, it follows that gas pits of the type here described 
may be presented and should be expected. McKee (1945; 45, Plate Id) 
reports pits possibly of this origin in the Grand Canyon Cambrian 
(Figs. 98B, C). 

Gas pits range in diameter from a few millimeters (fractions of an inch) 
to several meters (6-1- ft.) and in depth to slightly more than a meter 
(4 ft.). They average about half a meter (1.5 ft.) in diameter and 20 cm. 
(8 in.) in depth. They should be expected on the top surfaces of shales 
deposited as organic muds. The smallest of them bear some resemblance 
to rainprints, for which they might well be mistaken. Buckland (1842: 
57) noted this resemblance in describing certain bubble-produced pits 
and commented as follows: 

The origin of these holes appeared to have been the rise of bubbles of air 
tlirough the bottom of little partial shallow ponds of water on the mud, the 
general surface of which, from its convex form, had allowed no water to rest upon 
it ... a slab of new red sandstone . . . from near Birmingham, containing a 
few impressions of vegetables, was covered with small tubercles in close contact 
with one another, and apparently caused by the deposition of sand in holes 

formed by the rise of bubbles of air from a subjacent bed of clay . . . some of the 

cavities, and casts of cavities, . , . which have been attributed to rain-drops, 
may have been due to the extrication of air-bubbles; care would therefore be 
necessary to distinguish between these two causes of phaenomena, which have 
hitherto been exclusively attributed to rain. 

93. Fulgurites. When a bolt of lightning strikes and penetrates 
loose dry sand or soil, it may form a small tube of fused material along its 
path through the sediment. Such tubes, kno^vn as fulgxirites, are not 
uncommon in present-day sand deposits, and at least one possible example 
in an ancient sandstone (Raritan formation of New Jersey) has been 
reported [Barrows (1910:294-319); see also Darwin (1860 : 76-77), 
Merrill (1886; 83-91), Grabau (1924: 72-74), and Petty (1936:188-201)]. 

Fulgurites show considerable range in dimensions. Some are tiny 
tubes, others are as much as 62 mm. (2t^ in.) across and nearly 20 m. 
(60 ft.) long. They descend vertically or obliquely into the surficial 

^ The gas pits form as follows (Maxson 1940:142): 

The generation of the natural gas methane during the decomposition of organic debris is 
responsible for minor phenomena of sedimentation termed gas pits. Some of these are 
small circular pits wth surrounding mud mounds formed by the escape of gas bubbles 
from the surface of mud bars. Larger crater-like pits are formed in submerged mud and 
silt bars as the result of erosion in the vicinity of active gas bubble agitation. 
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material, commonly branch or become contorted near their extremities, 
and diminish in size to a pointed thread. The wall of the tube, composed 
of fused grains of quartz sand, is thin (1 to 5 mm.). It has a smooth 
inner surface and a rough granular exterior, which is typically corrugated 
longitudinally. Some fulgurites have an imperfect lip of -vitreous 
material. 

Should fulgurites happen to be preser^'ed, their presence would indi¬ 
cate a dry, terrestrial deposit and their position in the dei)osit, especially 
if bedding is present, should indicate which was the upper direction at the 
time of the discharge (Fig. 99). Although many articles ha^'e been 
written about fulgurites present in loose 
sands now at the surface, no unequivocal 
example of a penecontemporaneous one in 
an ancient sedimentary rock seems to have 
been cited [see Petty (1936: 188-201)]. 

In a study of fulgurites, Julien (1901: 

673-693) reported several examples of fused 
surface films produced in solid rock by light¬ 
ning bolts. One example mentioned was a 
crevice with glazed walls. It seems highly 
unlikely that glazed surfaces of this origin 
would be preserved; if they were, however, 
they would indicate an ancient land surface. 

94. Impressions (Imprints). —Imprints 
are made on the surface of soft muds and 
yielding sands by many objects of both 
organic and inorganic nature. These im¬ 
prints exhibit almost limitless variety, and 
many of them, particularly in the older 
sedimentary rocks, have not been satis¬ 
factorily explained. Only a few will be considered here. Most of these 
may be seen in the process of formation at the present time, or they may 
be viewed shortly after formation. Some are excellent indicators of the 
top of a bed; others have limited use in this respect; and still others are 
of such rare occurrence or have so little chance of being preserved that 
they are of academic interest only. 

Since imprints are negative or concave features on the top of the bed 
in which they were formed, it follows that their counterparts may be 
expected on the underside of the overlying stratum. These counterparts 
are commonly more useful and reliable than the imprints because they 
are more sharply outlined. 

Geologic literature contains many descriptions and illustrations of tiny 



Vuh 99.—Diagram showitiu thv 
formation of a fulgurite. As the 
lightning bolt travels downward in 
the dry sand» it fuses the sand 
grains together along its path and 
forms a small glass-walled tubc» 
smooth on the inside and rough on 
the outside, that terminates down¬ 
ward in several irregular brunches. 
The tube is always small—a few 
millimeters—in diameter but may 
be several meters long, (Art. 93.) 
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pitlike depressions, which usually are interpreted as imprints made by 
rain drops. Twenhofel (1921:359-371) found experimentally that pits 
which are closely similar in general characteristics may be produced in 
soft sediments in at least eight different ways. They may be made by 

1. Raindrops 

2. Hailstones 

3. Drip [Lyell (1851: 242) mentions waterdrops from bird’s brings and from fish 
in their beaks) 

4. Spray and splash 

5. Bubbles floating in shallow water and becoming anchored to the bottom because 
of mud settling on their surfaces 

6. Bubbles formed on the surface of a flooded area, the bubbles developing from 
the air pushed out of the earth and held to the bottom by the settling sediment 

7. Bubbles rising and falling over very shallow water {i.e., shallow water with 
bubbles will, as it lowers on a surface, finally let the bubble rest on the substra¬ 
tum and as it rises will lift the bubble off again) 

8. Bubbles arising from the decay of organic matter contained in mud and making 
their way to the surface, where they either burst or remain attached 

Although these depressions can be made in both sand^ and mud, they 
are likely to be preser\'ed only in argillaceous materials, for a sand surface 
is much more susceptible to change by slight erosion than is one composed 
of mud. Ihey are to be expected along with mud cracks and similar 
features in sedimentary rocks that were deposited in environments where 
the bottom was always shallow and at times exposed to air. 

Depressions produced by items 1 to 4 are formed only on surfaces 
exposed to the air; those formed by items 6 to 8 are not likely to be pre¬ 
served as a rule, for they are made in shallow water and hence may easily 
be destroyed by movement of the water. Gas pits, which are described 
in Art. 92, require special conditions (f.e., presence of decaying organic 
matter in the mud) and hence are to be expected only on the bedding 
surfaces of carbonaceous shales. 

Pits formed by falling objects (items 1 to 4) have a raised and rough¬ 
ened rim not always well preserved in rocks; those formed by bubbles in 
the water (items 5 to 7) do not have such rims, being simple hemispherical 
depressions with smooth walls; and the pits formed by escaping gas are 
likely to have a tiny hole in the bottom, this hole being the top opening 
of the tube by which the gas rose to the surface of the mud. 

Twenhofel (1921: 371) points out the value of these features as follows: 

Impressions of the types described are made on the upper surfaces of strata 
and there occur as depressions. Their obverse is on the under side of the over¬ 
lying strata, where they occur as wart-like mounds. It hence follows that where 

* McKee (1945: 323) mentions raindrop impressions preserved on the foresets of 
dunes m the Coconino sandstone, but such impressions are probably rare. 
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impressions made by rain, bubbles, etcetera, are present, one is enabled to tell 
which is the top or younger side of a section, and this may give the key to the 
unraveling of a problem in complicated structure. 

96. RaMrop and Hailstone Imprints .^—Raindrops and hailstones, 
falling on soft sediment such as that on muddy tidal flats, make small 
impact craters, which are circular if the object falls vertically downward 
and slightly elliptical if its path is oblique to the surface^ (Figs. 100, 101, 



Fio* 100.—Dia^rnm .showing a shale layer pitted with larjce hailstone and small raiiKlrop impres.sioiiH 
and overlain by a later bed that has on its underside counterparts of the inipressioii.s. The arrow.s 
indicate the direction o( fall of the stones and drops. Vertically directed objects make symmetrical 
pits, whereas slantin^^ ones form pits that have the farther rim somewhat higher tliaTi the nearer. 
Compare with Figs. 101 to 103. Imprints made by hailstones and raindro{)s have a slightly raised rim, 
whereas bubble impressions lack such a rim (see Fig. 104). (Art. 95.) 

102). The rim of the crater rises somewhat above the general sui’face 
and is likely to be rough, differing in these respects from the bubble- 

^ Many writers liave called attention to the formation, occurrence, association.s, 
and significance of imprints made in soft muds and yielding sands by falling raindrops 
and hailstones. Many of the recorded occurrences were published a hundred years 
ago at a time when geologists were being profoundly impressed by the discoveries of 
dinosaur tracks in many parts of the world. In more recent times, writers have con¬ 
sidered the imprints as a possible top and bottom criterion. The following list of 
authors is merely representative of those who have written on the general subject of 
raindrop and hailstone impressions; it is by no means complete but will lead the 
interested reader well into the literature on the subject: Deane (1844: 73-77; 1845: 
213-215; 1861: 1-61); Desor (1850: 200-202; 1852: 131-132); Lyell (1851: 238-247); 
Warren (1855:187-188); Wyman (1855:253-254); Dawson (1868:27, 407); James 
(1884: 124-132, 151-166); Perry (1880: 326-336); Kansomc and Calkins (1908: 30, 31, 
42, 61): Burrell (1012); Cox and Dake (1016: 32); Kindle (1916: 542-547); Twenhofel 
(1021: 350-371; 1032: 400, 677-680); Leith (1023: 187); C’ollins (1925: 41); Madigan 
(1928: 210-216); Fenton and Fenton (1933:491); Belyca (1035:154-155); Black- 
welder (1941: 1944):Lahee (1941:53, 54, 102, 103); McKee (1945:323). 

^ Science News Letter, 1939, 36: 18, reports that “fossil prints of slanting raindrops 
that marked the earth during a northeast gale in Colorado 250 million years ago are on 
exhibit at Chicago’s Field Museum.” 
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formed ])its described in Art. 9(). The rim of an elliptical pit tends to be 
higher on the side toward which the object was directed. Imprints of 
hailstones are likely to be larger, deeper, more irregular, and \nth more 
ragged rim than raindrop imi)ressions [Lyell (1851: 243)]. 

(’ounterparts of the imj)rints adhere to the underside of the bed cover¬ 


ing the pitted surface and appear as small blisters or wartlike protuber- 



my. 







Fig. 101.—Ilooent raititirop imprint.'^ on touch clay tlmt sotrlod 
tioii. TUv sp<*< iinon is about 10 cm, (4 in.) lone. (Art. 05.) 
Iffirvard V 


out of <lifchwater from a f>larer ojkth- 
(Spfcirnen in Srdtmenfafion Lahoratoru^ 


ances (Fig. 103). They are typically several times larger than the tiny, 
centrally pitted mounds described as pit and mound (Art. 90). They lie 
on the under- rather than on the upper surface of a bed and vary in size 
by a factor of 2 or 3, whereas the much smaller pitted mounds are fairly 
uniform in size (Figs. 93, 95). 


Inasmuch as drops of water other than rain and objects other than 
hailstones can make impressions of the type just described, it mav well be 
that some imprints preserved on pitted surfaces of sedimentary layers 
were formed by them, but if so it will probably be impossible to determine 
the source of the water or the nature of the falling object. 
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96. Bubble Impressions .—Bubbles may leave imprints of three types 
in soft muds. A bubble coming to rest on the surface of the substratum 
is likely to make a small hemispherical pit with a smooth wall and a rim 
that is flush with the surface (Fig. 104), as contrasted to the rough and 
raised rim of a raindrop or hailstone crater (Fig. 100). If such a stranded 
bubble were coated \vith sediment and then flattened somewhat, the 
impression formed by it w'ould be 
slightly hemiellipsoidal. 

A bubble of gas or liquid origi¬ 
nating in the mud* and rising 
through it to the surface may form 
a pit mth a tiny hole in the bottom 
leading into the tube below^, but 
such pits would differ slightly from 
those described in Arts. 90 and 91 
in having a somewhat elevated rim 
[Hughes (1884:178-186)]. 

Finally, bubbles drifting over a 
surface of soft mud may touch bot¬ 
tom momentarily to leave a shallow 
depression similar to that described 
in the second paragraph above, 
except that it would not be so deep; 
or they may drag along over the 
bottom for some distance, leaving 
behind a shallow, straight or sinu¬ 
ous round-bottomed groove. This 

groove, if filled \vith sand or mud later, might w’ell have a counterpart 
that would be interpreted as a “worm trail” or “fucoid.” 


Pio. 102.—Hailstone impressions (reduced about 
one-half) in the shale film at the top of a layer of 
red sandstone from the Triassic bods of the Con¬ 
necticut Valley. The hailstones, coming from the 
lower right, struck the mud surface at an angle, 
80 that a prominent impact rim was formed on the 
upi>er left side of the tiny craters. The obverse 
of this imprinted surface, constituting the under¬ 
side of the covering layer, has a papillose surface. 
(Art. 96.) 


^ Lyell (1851: 241), one of the first to study imprints in rock layers, stated: 

Being desirous of ascertaining whether air-bubbles, rising through mud and bursting as 
they reached the surface, could give rise to cavities similar to those caused by the fall of 
rain, I poured some pounded mud ... on a small quantity of water, and shook the basin 
containing it, upon which numerous bubbles of entangled air rose through the mud, and, 
on bursting at the surface, left cavities resembling in size the ordinary rain-prints from 
Nova Scotia, but very different in character. Nearly all of them were perfectly circular, 
with a very sharp edge, and without any rim projecting above the general surface. In a 
few cases, however, there was a slight, narrow rim, sharper and more even than that of a 
rain-print. In no instance was this rim connected with a greater depression at one end of 
an oval concave depression. Most of the pits produced by these air-bubbles were different 
also from rain-prints, in being deeper than they were wide. Their sides were very steep, 
and often over-arching, the cavity below the surface being wider than the opening at the 
top. The axis of some few of these deeper cavities was oblique to the surface of the mud. 
Where two bubbles had touched, a vertical thin parting wall of mud was left between them. 




B 





Flo. 103.—Pimulated raindrop imprints made by drops of water fallinK on soft plaster of Paris {B\ 
and obverse (.4) of same surface, showm^ the appearance of the tinv domes that fit into the imprints. 
Compare B with fijj. 101. which is a naturally imprinte<l surface in tough clay. The two specimens are 
13.5 cm. (6.4 in.) long. (.\rt. 95.) (.Specimen.*, numb^rfd 1895. in Ihe Sedinuntalion I.aboralo'V^ 
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James (1884:124-132, 151-166) has called attention to certain “mud 
bubbles” in the Cincinnati rocks. These bubbles had been considered 
of organic origin and had been given binomial designations. Eight 
species and one variety had thus been created; yet the objects to which 
they referred were formed inorganically. Thirty years previously, L}^!! 
(1851: 241) had described similar bubbles in muds from the Bay of Fundy. 

All these imprints probably are preserved only under unusual condi¬ 
tions, but they may prove useful as top and bottom criteria if they are 
sufficiently distinct in outline and obvious in nature. 



Fia. 104. Impressions made by stranded bubbles, somewhat reduced. These bear close resemblaiict 
to raindrop impressions but differ in lacking the typical rim. (.\rt. 96.) {A/ler Twenhofel, IQ21 Bull 

Oeol. Soc. Am.. 32: 365. Fig. 5.) 


97. Impressions Made hy Drifting or Floating Objects—Cavehil and 
prolonged observation on the bottoms of shallow bodies of fresh and saline 
water and on the beaches and tidal flats bordering them would undoubt¬ 
edly show many kinds of impressions made by various inorganic objects 
temporarily grounded or swept along in water so shallow that they 
dragged on the bottom, leaving behind a characteristic marking of some 
sort. Pieces of pumice and other rocks that \vill float might make such 
markings; blocks and fragments of an ice pack might be driven ashore 
and in the process leave a series of essentially parallel angular grooves 
that would yield sharp-crested rectilinear ridges similar to those com¬ 
monly observed on the underside of some sedimentary strata [Hall 
(1843: 235)]. A slight shift in wind direction might cause the observed 
change in a second or third set of crossing grooves. Since the grooves are 
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not deep, it would be necessaiy to postulate a rather uniformly thin mass 
of pack ice (see Art. 104). 

98. Imprints, Casts, and Pseudomorphs of Crystals. —Under favorable 
conditions crystals of ice, salt, and certain other substances grow in soft 
surficial sediment, forming a distinctive system of tiny reticulated grooves 
(ice) or pyramidal ridges made by protruding corners of crystals (salt, 
pyrite, etc.). If now the ice crystals melt, or the others disappear 
through solution, imprints of the original crystals remain and, if the 
sediment is sufficiently indurated to retain them, may be filled with mud 



Fio. lOS. Impressions, molds, and pseudomorphs of salt crystals. .4. Two salt crystals growing in 
mud; one is only partly embedded, whereas the other lies completely enjbedded. B. Diagram showing 
same bottom as in A. after crystals have been dissolved and the cavities left by them filled with sediment. 
The left projection into the shale is an incomplete pscudoinorph of the original crystal; the right, a 
^mplete pscudoinorph. Compare with Fig, 107. C. A large salt crystal partly embedded in mud. 
D. The bottom shown in C was covered by sediment, which temporarily preserved the crystal. Later 
the crystal was removed by solution, leaving a cavity, or complete mold. Under some conditions this 
cavity may be filled with introduced substances. This kind of mold, or cavity, filling is of no use for 
determining tops and bottoms. E. A large salt crystal growing in mud. F. Two possible kinds of 
preservation resulting from the burial of the bottom shown in E. The left cavity is a complete mold of 
the original crystal. At the right is an incomplete pseudomorph made by the filling of the hopper¬ 
shaped cavity left by predepositional solution of the original crystal. (Art. 98.) 

or sand and thus presented (Fig. 105). Counterparts in the form of tiny 
ridges and pseudomorphs would be present on the underside of the cover¬ 
ing bed and would be composed of the same material as that of the bed 
(Fig. 106). Kindle (1929a: 180) and Raymond (1930:291) have reported 
such pseudomorphs of salt crystals from the Upper Cambrian Roche 
Miette formation of Alberta, but neither states whether the pseudomorphs 
lie on the surface or are attached to the underside of the overlying bed.* 

* Kindle (1929: 23) reports from the Roche Miette . . beds of impure lime¬ 
stone crowded with moulds of large salt crystals showing very plainly the cubes and 
concave hopper-shaped crystals in which common salt crystallizes” and in the same 
year (1929a: 180) reports many beds . . with salt crystal pseudomorphs, ripple 
marks (rare) and mud cracks,” and Raymond (1930: 291) states that “the pseudo¬ 
morphs after salt crystals in the red layer,” which he calls “hoppers," “• ■ ■ 
attached to the surfaces of thin layers of yellow dolomite interbedded with red shale, 
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A specimen of the Roche Miette collected by Dr. Raymond is illustrated 
in Fig. 107, and it seems that the pscudomorphs of sand are counterparts 
of original salt crystal impressions formed wlien tlie mineral dissolved. 


Daly (1912:82), in describing the Pre-Cambrian 
stated: 


Kintla formation. 


A si>ecial feature of the argillites is the great abundance of casts of salt- 
crystals. . . . The casts represent both complete cubes and the hopper shape 



Fio. 106.—Top siirfarp of a finc-Rraiiiotl limestone l>ed showing calcite p.‘>fu<loinorphs of salt (lialifc) 
crystals tn «i7u (white polygons) and polygonal imprints from which crystals have been removed. 
(.\rt. 08.) 


of skeleton crystals. . . . The cubes arc of all sizes up to those 4 cm. or more in 
diameter. Kipple-marks and sun-cracks, especially the latter, are likewise very 
abundant. 


Miller (1937: 55-57) reports casts of halite crystals from the Reekman- 
town limestone of Pennsylvania, and other Paleozoic examples have been 
de.scribed by Vanuxem (1842: 108) and Logan (1863: 632). 

Another example is descri})cd by Dunbar (1924: 177) from the famous 
Permian Insect Hill locality in Kansas. 

The molds of great salt hoppers . . . rise from the surface of the lowest 
limestone band into the succeeding shales. They appear as low blunt pyramids 

into which the pseudomorphs project. The cubes vary from three-eighths of an inch 
to one inch along a side.” 
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with their sides striated in a direction normal to their axes, which in most cases 
stand vertical but in some are more or less inclined. They thus resemble the tops 
of half submerged octahedrons but they never display more than this one set of 
faces. However, since they rise above the layer of muddy limestone, of which 
they are lithologically a part, they cannot be considered pseudomorphs of crj’stals 
but must be regarded rather as i)rimary structures.* I am indebted to Dr. 
Cleorge P. Merrill, of the United States National Museum, for the suggestion 
that they may be the fillings of the liollow bases of huge hopper-sha})ed ciystals 
of halite. According to this interpretation the salt hoppers grew uj>on and partly 



Img. 107.—Salt crystal psotidomorphs from the Cambrian Roche Miette formation of Alberta. It 
apiwars that the \iew shows the underside of a .sandstone layer, in which oa.se the square proniinenrcs 
represent filliniss of cavities left by solution of original salt cry.^tals, as illustrated in Fiirs. 105 A. B, 
(Art, 08.) {Specifnen in Sedimentation Lahoratory, flartard VnirtrsUy.) 


embedded in the limy mud bottom of a body of water surcharged with sodium 
chloride, and the basal hojjper of the crystal gave shape to the limy pyramifk, 
which remained even after the subsequent incursion of fresher waters had redis¬ 
solved the salt. The size of the crystals was notable since the pyramids range 
from 2 to 10 inches across. 


‘ .4 query was sent to Dr. Dunbar with reference to the possible top and bottom 
significance of the molds he described, and he replied as follows (.Apr. 12, 1946): 

I have just looked at the material I brought back and I suspect I have the molds of 
crystals that were embedded in the surface of the sea floor. If so, the crystals formed and 
then were dissoKed, leav'ing depressions in the sediment which were filled with the next 
layer of mud. In that case, the molds would be on the under side of the laver facing down 
and all would be incomplete on one side. It really would take field observations in each 
case to determine whether this was true. I recall very well the impressions of crystals in 
the Camillus shale in New Aork, and there the sediment had solidified around crystals 
which were later dissolved away, perhaps even during the present erosion cycle, so that 
we have complete molds of crystals. In such a case they would not indicate the orientation 
of the beds. 
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Apparently salt crystals grow just under the surface of the mud, 
possibly with some of the crystal protruding, so that while they exist they 
form tiny pyramidal ridges and other angular projections, which rise 
above the general surface of the substratum. If such a crystal is not 
destroyed before burial, its counterpart on the underside of the overlying 
bedwllbe a “hopperlike” imprint^ (Fig. 105). If the crystal is destroyed 
soon after burial, the resulting cavity may persist and may be filled later 
with material introduced by ground waters. If the covering sediment is 
very thin, how'ever, which is likely, it will collapse into the cavity and 
ultimately harden to form a more or less perfect pseudomorph of the 
original crystal. Crystals formed secondarily along or near a contact 
between tw’o beds would have no significance as to top or bottom. 

Under favorable conditions, ice crystals form from the film of w’ater 
covering a clay bottom or from the w'ater present in the upper few milli¬ 
meters of the mud. The acicular crystals, impinging on the bottom mud 
or growing in the superficial layer of clay, produce characteristic markings 
or clefts that commonly show the 30® and 60® angles peculiar to ice. 
Subsequent desiccation of the clay warps the surface and slightly distorts 
the curved and rectilinear clefts (Fig. 108). If these ice-crystal impres¬ 
sions are well enough preserved, they should be useful as a top and bottom 
criterion (Fig. 109). 

Allan (1926: 494-500) made many artificial ice crystals and reported 
at length on their characteristic features. His article is an excellent guide 
for the investigator who wshes to study suspected ice-crystal markings 
in ancient rocks. Both recent and ancient ice-crystal impressions have 
been reported, and several cases in point are worth brief notice here. 

Shaler, Woodworth, and Marbut (1896:992, Fig. 39) described and 

% 

illustrated recent ice-crystal impressions observed in the clay pits of 
Cambridge, Mass, (Fig, 108), and Clarke later (1918:206-207) accepted 
the suggestion of J. B. Woodworth that certain fucoidal markings 
{Fiicoides graphica) in the Devonian Portage beds were best interpreted 
as the imprints of ice crystals (Fig. 110) [see Schuchert (1927:123-131) 
for a discussion of Upper Devonian winters.] Udden (1918: 8) reported 
“fossil ice crystals” from Upper Cretaceous formations in Texas; and 
though he gave no information which might indicate whether or not they 

^ Lyell (1851: 241) reported a case in point, in describing certain small protuber¬ 
ances on a slab of recently hardened mud: 

... the protuberances were seen to be irregular in form, and beneath them were found 
email pellets of shale and crystals of salt, which had evidently lain on the beach, and then 
been covered with a film of sediment. This solid matter not having shrunk when the 
muddy layer dried in the sun, a small projection was caused. Small cracks were usually 
visible round the base of each of these protuberances. 
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t • • Courit^y of J, .1. AU<in 

Flo. 108.—Impnn^ of icc crystaU. A. ImprinU formed in mud containing a small amount of moisture. 
The .pecueen e, about 20 cm. (8 loug. The couutcrpart of ,ueh au imprinted .urtacc, which would 
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could be used as a top and bottom criterion, he did use them to locate a 
definite zone on both sides of a fault, thereby determining the amount 
and direction of movement. 



Fig. 109.-Fa.si-icnlute markinKs in the Carboniferous CambridKc slate of eastern .Mu.s.sachusetts 
rhese may be ancient ice-crystal iiiii)re,s8ion.s (cf. He. 108). The specimen Ls about 15 cm. (6 in.) Iona. 
(Art. 98.) {Specimen on display in the Geological Museum of llartard Unttersily,) 


Several years ago Twenhofel (1932:675-677) summarized much of 
the literature on ancient and recent ice-crystal impressions. Since this 
summary, Mark (1932: 171-176) has reported impressions in the Lake 


be the underside of the covennE stratum, would consist of numerous .single and fasciculate ridges. 

s^called fucoids m ancient rock.s may have been formed in this manner (see Art. 114 and Fig 
110 ). The specimen which is on exhibit in the Geological Museum of Harvard Univensity. Is the same 
one illustrated by Shalcr, Woodworth, and Marbut, 1896. U.S. Geol. Surrey Ann. Rept.. 17 (1):992 
I'lg. 39. B The ridged counterpart of an imprinted .surface. The crystal grooves were definite and 
pronounced when produced artificially. The imprints were made in fine sand, and the counterpart was 
obtained by pouring plaster of Paris over the imprinted surface. The specimen is reduced to about 
one-fourth natural size. It should bo noted that sandstone layers showing small ridges possibly of this 

‘ (Art. 98.) (// u after Allan, 1926. Am. Jour. Sci.. 11 

(5). 499. i- 10 . 8. The print was kindly furnished by Dr. Allan.] 
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Bonneville beds, and Lament (1938:3) has suggested that Oldhamia 
antiqua and 0. radiata are due to “a kind of frost-stencilling” possibly 
like that shown in Fig. 109. 

99. Features Produced by Objects Dropping into or Material Loaded 
onto Soft Unconsolidated Sediment.—Extraneous objects dropping from 



Courtesy of New York Stole Mx^eum 
Fio. 110.—Furrowed and imprinted sandstone layer from the Devonian PortaRe beds of New York 
(much reduced). A. The specimen (a plaster replica of the original surface) shows numerous supposed 
ice-crystal irnpressions (small fusiform depressions) lying on a sand surface that is imprinted by a 
gomatite shcl and grooved by two prominent rectilinear furrows that are longitudinally striated. 
Since the fusiform imprints are superimposed on the furrows, they must have formed later. B. The 
counterpart of the original surface A preserved on the underside of a sandstone stratum. The smaller 
impressions (and ridges) lie at various angles with reference to the bedding plane and to each other. 

‘ce-crystal impressions (c/. Fig. 108) [See Clarke (1918: 
206.) (Arts. 98. 104, 114.) {AJler Clarke, 1918, Bull. N.Y. St<Ue 3/us., 196:227, Plates 22. 23.) 


air or water onto hydroplastic^ sediments that can yield by compaction or 
flowage sink into the sediment for some distance and ■when buried show 


> The author is indebted to his coUeague, Prof. Walter L. ^VTiitehead, for the term 
hydropla^lic, which the latter would qualify as follows (May 20, 1946); 

Fine-grained fragmental sedimenta with high water content undergo homogeneous 
change of shape by positional shifting between their constituent grains or particles. 
Adsorbed water films and interstitial liquids facUitate this movement on an infinite number 
of minute surfaces. The materials possessing such intergranular characteristics may be 
designated hydropltutic. Upon loss of water and consolidation they lose this kind of 
plasticity. 
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structural relations to the mud penetrated and to the covering sediment 
that are useful in determining the top of the sequence containing them. 

The distance the object penetrates and the deformation it produces 
depend upon the physical condition of the sediment. Thus ice-rafted 
and plant-rafted boulders may drop into soft sands and muds, producing 
deformation like that sho\\'n in Fig. Ill, and bombs and blocks of lava, 
expelled from a volcano, may sink into readily yielding ash, as shown in 
Fig. 292. 



Fia. 111.—Shale-sandstone sequence overling the Squantum tillite on 5Hjuanfun) Head. Mas>achu8etts. 
showing a lar^e jHjbhle that sank deeply into the hydroplastic mud, compres.siiu^ the huriinae directly 
licneuth, causing them to be somewhat thickened alongside, and drageing the upj)er laininue downwani. 
The saiul was deposited later and fills the triangular moat around the embedded pebble. The pebble 
is about 35 mm. (1.5 in.) long. (Art. 99.) 

A thin layer of sand, deposited on water-tilled mnd or soft organic 
debris, may, because of slight differential loading, cause the jdastic 
sediment to flow, and the flowage in turn may produce characteristic 
structures in the sand (Art. 102) or in the organic material (Art. 99). 

100. Boulders Emredded in* Saxd and Mud Deposits. —A boulder, 
released from an iceberg or from some plant^ that has transported it, upon 
dropping onto a bottom covered with soft clay and silt or with silt and 

‘Darwin (1860: 497 Jf.) describes how boulders may become entangled in the 
roots of trees and later, when the tree is washed into the sea, may be transported 
great distances from its source. He points out that such floating trees may not be 
seen because, being weighted down, they float beneath the surface. According to 
Darwin (1860: 408), “these facts may possibly throw light on single .stones, whether 
angular or rounded, occasionally found embedded in fine sedimentary masses.” 

It is highly probable that certain marine algae of the Fucris type transport pebbles 
and small boulders great distances, and when it is realized that such plants have been 
in existence for many geologic periods it seems altogether possible that sporadic 
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sand tends to sink into the soft sediments. It compacts the material 
directly beneath and may produce some deformation of the sediment 
around its periphery (Fig. 113). The sediment may even flow out from 
under the object and form a circumferential ridge rising slightly above 
the bottom (Fig. 114). 

Relations similar to those just described can be seen around ice-rafted 
boulders lying in the var\’ed shales associated wiih the Squantum tillite 
on Squantum Head, near Boston. The laminae of the shale covering a 



Courtesy of American Association of Petroleum Oeoloyists 
Fig. 112, —A quartzite boulder showing deformation of laminae produced by pebbles falling into water- 
filled sand. The boulder is about 12.5 cm. (5 in.) long. (Art. 100.) {Sliyhtly modified after Retlger, 
1935» BiUU Am. Assoc* Petroleum Oeotogists, 19: 274, Fig. 1.) 


boulder end abruptly against it around the base and sides and arch only 
slightly as they pass over. The arching laminae thin slightly over some 
of the boulders. It usually should be possible to determine the top of a 
formation containing an erratic boulder by noting the relations of the 
laminae around the boulder (Fig. 113). 

In addition to the example just cited, Collins (1925:66) reports 
scattered boulders in the Pre-Cambrian Gowganda formation, and Fig. 
115 shows the relations of the surrounding laminae to such boulders. 


pebbles and boulders in ancient formations may have been distributed by them 
[see also Emery (1941: 92-93) and Emery and Tschudy (1941: 855-862)). 

Rettger (1925: 274) illustrates a quartzite pebble showing two stones which fell 
into the original sand when it w'as in such physical condition that a pebble could sink 
into it some distance (Fig. 112). 
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t> .10 f 

/ c \\\ ^ boulder embedded in thiii-bcdded Upper Cambrian limestone at the gorKc east 

of St. Albans, Vt. The boulder lyinjt directly above the hammer sank into the soft layers in cominK to 
rest, dragging them downward in the process. The larger part of the boulder remained above the soft 
bottom and was buried later by thin layers that first end abruptly against it and higher ui) arch gently 

Fio. 114.—Diagram illustrating how a boulder, coming to rest on a soft mud bottom, slightly deforms 

the upper laminae and is subsequently coupred by laminae the lower of which end abruptly against it, 

whereas the later arch gently over it. The depth to which the boulder sinks into the soft sediment is 

determined largely by the condition of the bottom material. Compare thb diagram with Fig. HI. 

Boulders showing these relations occur in the laminated shales associated with the Squantmn tillite of 

extern Massachusetts. The boulders range in size from a few centimeters to half a meter in greatest 
dimension. <Art. 100.) 



Courtesy of Geological Survey of Canada 
tio. 115.—Buried boulders. (Art. 100.) A. Sketch of a pebble in laminated graywacke of the Pre* 
Cambrian Gowganda formation of Ontario, showing that the pebble punched through some of the under¬ 
lying laminae before coming to rest. Laminae above the line A A' were deposited later; the first of these 
end abruptly against the iiebble, whereas the later ones arch gently over it. The pebble is slightly less 
than natural size. {Modified after Coflins. 1925, QeoL Survey Conoda Mem., 143:66. Fig. 6.) B 
Photograph showing buried boulders similar to the one in A. The rock is Canadian Pre-Cambrian. 
{Photography 46433, furnished by the Geological Survey of Canada.) 


They lie in the midst of graywacke characterized by graded bedding, and 
the lamination around them, according to Collins (1925: 66-67), 

. . . seems to show that the pebbles dropped into the originally soft, finely 
stratified mud with enough force to punch through several laminae and partly 
bury themselves. The laminae near the base of a pebble inclusion terminate 
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abruptly against it as if pinched out by the sinking pebble, whereas the upper 
part of the pebble is arched over by laminae which only thin out somewhat 
toward the apex. 

101. Bombs and Lava Fragments Embedded in Ash and Tuff 
Deposits. —Bombs and large lava fragments falling into soft, uncon¬ 
solidated, fine-grained pyroclastics are embedded ^vith characteristic 
structural relations to the surrounding materials. Burial in water- 
deposited and water-covered volcanic sediments probably produces 
structural relations essentially like those which can be observed in fine¬ 
grained pyroclastics recently deposited on land. In either subaqueous 
or subaerial deposits the relations of the body to the enclosing sediment 
should indicate the direction of fall and hence the bottom of the deposit 
in which the object lies (Fig. 292). Wentworth and Williams (1932: 34, 
Fig. 3) reproduce a fine photograph of an embedded block sho\ving struc¬ 
tural relations similar to those illustrated in Fig. 292. 

Ancient water-laid and subaerial ash and tuff deposits should contain 
occasional extraneous blocks and bombs, particularly if the locality is 
near the original site of the volcano, and these objects should be expected 
in terranes of volcanically derived rocks (Art. 188). 

102. Flow Casts. —Soft hydroplastic sediments, if unequally loaded 
with sand or gravel, yield to the weight of the superincumbent load by 
flowng. The resulting structure is a layer of coal or shale ^vith the upper 
surface throwm into asymmetrical drawn-out folds and broad, rounded 
depressions. The overlying sand, which can flow because of its large 
water content, molds itself to the undulating surface of the mud or organic 
sediment, so that on compaction the sand layer shows a counterpart of 
the surface on its underside (Figs. 116, 117). The “rolls,lobate ridges, 
and other raised features thus produced and preserved in the overlying 
sandstone are here given the designation cast^ because they represent 
the filling of the negative features produced by the flowage of the soft 
underlying sediment. It is to be noted that flow casts are preserved only 
on the underside of a sandstone layer. The underlying rock, typically 
coal or mudstone, preserves no diagnostic structiu-e, presumably because 
it was essentially a highly viscous fluid at the time when it was deformed. 

Flow cast is not uncommon in ancient sedimentary rocks and is a 
reliable top and bottom criterion. The author has used it successfully in 
determining the tops of steeply inclined and overturned Mississippian 
strata on Cape Breton Island, Nova Scotia,^ and in folded Pennsylvanian 

* This designation was suggested by Dr. Walter L. Whitehead, who has studied 
the structures with the author in the field. 

* The following brief description of typical flow-cast structure is abstracted from 
field notes made by the author; 
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Fio. 116.—Sandstone flow cast in the Pennsylvanian Wanwutta red beds of the Narraeansett Basin, 
Rhode Island. This feature, which is exposed alonR the edge of the Pawtucket Reservoir, is a thin dis¬ 
continuous layer of fine sand lying in the midst of fairly steeply dipping silty red shale. The sand bodies 
are typically flat on the upper surface but irregularly lobate on the lower. Internally they exhibit a 
kind of cross-lamination together with lines of flowage. The general upi)er surface of the discontinuous 
layer b a bedding plane that truncates the structures in the sand bodies. The dbcontinuous layer is 
believed to have been formed by sand sinking into an essentially fluid mud (Art. 102). but antidunc 
action may abo have played a part (Art. 73 and Figs. 69. 70). A. Photograph of a part of the 
feature, showing some of the detailed structure. B. Diagram showing details of a small part of the 
feature. C. Diagram of several dberete ntasses of sand, showing internal structure. (Arts. 102. 148, 
156.) 

beds in the Narragansett Basin in Rhode Island (Figs. 116, 117). Sorby 
(1908:197, Plate XIV) described and illustrated a somewhat similar 

Certain thin sandstone beds in the Mississippian Horton .sandstone-shale sequence 
of Cape Breton Island, Nova Scotia, have an unusual undersurface. The surface, 
at first glance, has the appearance of pahoehoe lava, and it is obvious that the fine 
sand of which the beds are composed must have flowed to develop the present con¬ 
figuration (Fig. 117). All beds with such undulatory undersurfaces rest on an 
unctuous and silty mudstone which is so closely jointed that all original sedimentary 
structures are obscured. In no exposures observed does a sand bed exhibit any 
evidence of flow on its upper surface. On the contrary, some of the beds have a flat 
upper surface, whereas others have that surface ripple-marked. Both features show 
the contemporaneity of the flow-cast structure. Intercalated mudstone layers 
contain knotty and gnarled masses of “rolled-up” or “balled-up” material, which are 
interpreted as mud-flowage structures. As a rule, however, these are not in direct 
contact with the undulatory undersurfaces of sand beds. 

It appears that the muds and sands of a part of the Horton series were, at the 
time of deposition, so full of water that they could flow readily under slight differential 
pressure. As sand, probably in rippled layers, was deposited on the soft, plastic mud, 
the latter tended to flow out from under areas of greater load (r'.e., greater thickness of 
sand as under a ripple crest) with consequent deformation of its surface. Simul¬ 
taneously the overlying sand adjusted itself to the irregularities of the mud surface. 
As the mud lost water during deformation, it developed sufficient strength to resist 
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Fig. 117.—Flow cast in a finc-erainod sandstone from the MUsksippian Horton formation of Ca{)e 
Breton I-slaiid. Nova Scotia. Tiu‘ .surface shown Is on the underside of a tliin sandstone layer. Such 
layers irivanahly rest ii|)ori iiuKlstorio. which. hciiiK ejuite susceptihie to weathering, ap|H*ars in all 
expexsures a-s a niuiutely jointed nia-s.s that disintcKratc.s readily and .separates cleanly from the overlyind 
sandstone. In .some exposure.s tlie mudstone directly helow the flow cast Ls intensely "balled up” and 
even fractured. How cast is believed to form when water-filled sand sink.s into vLscou.s hvdroplastic 
mud. Deformation i.s starteil by uneven loa.lintt of the tmid. The initial comlition in the sand that 
started the .lefortnatu.n may well have been ripple rulRcs. for some of the san.lstone layers have flow- 
ca.st structure on their utidersurface ami ript>le marks on the up|H-r. The numerous, roughly parallel 
curvilinear grooves in the sandstotie surface are interpreted as shear fracture.s produced in the sand when 
It could no longer flow. The si>eciinen Ls about >i m. (18 in.) wide, (.\rtfl. 102, 148. 156.) 


featvire many years ago;* and even he seems to have been antedated by 
Fuehs (1895: 371-374), who, according to Bucher (1919: 207), described a 


furtlicr flow tind the sand niainttiined its undersurface configuration. In some beds 
downfolds of sandstone show- a series of tiny step faults produced by sliearing of the 
sand hotly. Shearing took place when the santl could no longer flow because of loss of 
some of the contained water. 

Sandstoiie beds in which flow-cast structure is well developed separate freely from 
the underlying mudstone witli a clean lobate surface. The relief of the mudstone 
surface, on the other hand, is not preserved because of the e.xtensive joints that 
divide the rock into tiny bloeky fragments. 

• Sorby (1U08. 197) describes the structure, here reproduced in Fig. llSc, as 

. . . a case where the current was so gentle that only very fine-grained green material was 
deposited in just the same creamy semi-liquid condition as recently-deposited clay in which 
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Fia. 118.—Flow-cast structures restini? on coal, mudstone, and shale. All are ascribed to differential 
loading of a soft, viscous sediment by sand. The sand, being full of water at the beginning of the defor¬ 
mation. could flow readily. Later, upon losing some of the water, it became rigid and thereafter failed 
by shear. (Arts. 102, 156 ) 

A. Sandstone flow cast resting on a German coal bed 1.2 m. thick. The first sand that was spread 
over the soft carbonaceous material sank into it. forming rolls in which some of the original stratification 
is still preserved. Later sand was deposited without disturbance. Compare this structure with that 
illustrated m Fig. 116. (A/ler Kukuk, 1936. Glikkauf, 41: 1027. A6b. 17.) 

B. Basal sandstone deformations from Ordovician rocks of central Victoria. Australia. The sketch 
is one-fourth natural size. Prominent fissures rise from reentrants in the base of the sandstone, and a 
thin sandstone lamina lies completely detached in the shale. This type of structure, which has also 
been found in Silurian rocks of the Melbourne district, is designated "basal sandstone deformations" 
by Hills (1941) and Hills and Thomas (1945: 57) and ascribed to penecontemporancous deformation 
connected with compaction. (Modified after HHU and Thomae, 1945, Eeon. Geologu. 40: 57, Fig 6.) 

C. Sketch of flow cast in a fine-grained ash layer that was deposited on a clay while the latter was 
still in a semiliquid condition. About 25 to 35 mm. of the clay was affected by the sand, which appears 
to have been swept in by a current moving from left to right. Wisps of the clay were caught in the 
flowing sand, and their present position indicates the extent of flowage in the sand. (Sketch baaed on a 
pholoffraph of the Langdale elate by Sorby, 1908, Geol. Soe. London Quart. Jour., 64: 197 , Plate XIV 
Figure U reduced eomewhat more than one^hol/.) 


. peculiar variety of mudflow structure imitating ripples . . . from 

the lower surfaces of Tlysch* sandst ones. . . Bucher (1919:207) 

the amount of included water is about 80 per cent., so that it can be easily washed up by a 
gentle current. Then must have come a fresh volcanic disturbance and deposit of ashes, 
with a current moving from left to right, which broke up this semi-liquid material into what 
might l)e compared with breaking waves, some of which were permanently entangled in the 
ash. and others carried away. This not only shows the original character of the deposits, 
but also roughly the time that elapsed between the disturbances. Very fine-grained 
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goes on to say that the structure has been “ . . . proven experimentally 
to form when a viscous mass (like plaster of Paris) flows over a yielding 
substratum (like sand)/’ The suggestion of Bucher (1919:207) that 
the structure be referred to as pseudo-ripple does not seem to have been 
followed. 

If, as Bucher states, the structures described by Fuchs were formed by 
plastic sediment flowing over yielding sand, they are not the same as flow 
cast, for the latter structure is formed by water-filled sand flowing over 
and sinking into highly viscous mud. 

In recent years several WTiters have described structures that seem to 
have the same characteristics as flow cast. 

Kukuk (1936:1020-1029), in describing some stmctures peculiar to 
certain German coals, cited and illustrated a coal-sandstone sequence 
showng what appears to be flow-cast structure along the contact (Fig. 
118). According to Kukuk, the irregular contact was formed shortly 
after the peat bog was covered and was caused by the unequal loading of 
sand on the soft, plastic organic material [see also Stutzer and No6 
(1940:348, Fig. 122)]. From the higher Silurian rocks of the Kerry 
district in Wales, Earp (1938:141-148) has reported zones of contorted 
sandstone and shale (Fig. 234) that he ascribes to “ . . . subaqueous 
gliding of soft mud and silt during deposition [page 147].” From rocks 
of the same period in the Melbourne district of Australia, Hills (1941) 
and Hills and Thomas (1945: 57-58) have described, as “basal sandstone 
deformations,” structural features on the underside of sandstone layers 
that are believed to have been formed during the soft-rock stage, probably 
as a result of compaction (Fig. 234). Careful perusual of the more recent 
geological literature, both at home and abroad, would undoubtedly reveal 
scores of references like those just cited (Art. 152). 

Several structures resembling flow casts in some particulars have been 
described and illustrated and deserve brief mention here for the sake of 
completeness. 

Trail and underplight, discussed in Art. 103, resembles flow-cast 
structure in that it consists of a layer of contorted sand and gravel resting 
with uneven contact on soft mud. It forms in a different manner, how¬ 
ever, and seems to be confined to surficial regolithic materials chxirned up 
by frost action. 

material does not remain in this semi-fluid condition for more than a few weeks: and there¬ 
fore we have permanent evidence that, in some cases, the volcanic disturbances were 
separated by only a short interval. 

This structure, although apparently of somewhat different origin than typM 
flow cast, is nonetheless a reliable top and bottom feature and is of special interest 
because of its clearly outlined details. 
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liamont (1938:14; 1941:150-151) has called attention to an 
unusual rippled structure (Fig. 70) in detrital limestone that he ascribed 
to antidune formation (Art. 73). A transverse section of the beds 
affected has some resemblance to flow cast, though Lamont’s explanation 
is probably the more likely one. The Irish examples that Lament 
(1941: 150-151) illustrates are quite similar to small lobate structures in 
the Wamsutta red beds of the Narragansett Basin in Rhode Island 
(Fig. 116). 

Stutzer and No6 (1940:402-403, Figs. 183, 184) describe and illus¬ 
trate several eroded brown coal beds in Saxony covered by sand which 
bears to the coal a relation somewhat like that of flow cast to the under¬ 
lying shale. In these examples, however, the abiupt contact between 
the two rocks and the nature of the overlying sediment point clearly to 
the unconformable relationship of coal and sand. 

103. Frozen Ground Structures—Head, Trail and Underplight, 
Warp, etc. —Surficial materials—gravels, sands, and finer sediments— 
are churned and contorted, in some cases to an almost unbelievable 
degree, by alternate freezing and thawing. This action, reaching to 
depths of several meters in extreme cases, produces in the material 
affected a variety of contortions that Dines et al. (1940: 198-226) pro¬ 
pose to include under the general term headA Bryan (194Ca: 622-642), 
analyzing the same problem, has just published a comprehensive nomen¬ 
clature on the structural features of frozen ground, and the interested 
student is referred to tliis article as the latest w'ord on the subject. 

Another group of amazingly contorted glacial sediments has recently 
been described and illustrated by Carruthers (1939:299-333) from the 
northern glacial drifts of Great Britain. This article deserves the 
scrutiny of any geologist who has occasion to study recent or ancient 
glacial deposits. 

Trail and underplight has been proposed^ as a designation for a 
peculiar bipartite structure present in certain Pleistocene deposits of 
Kngland. It consists of a thin contorted sand or gravel layer, the trait, 
which rests with, irregular contact on a substratum of what was once soft 
mud, the uvderpligkt (Fig. 11915). Deeley (1916: 2-5), in an attempt to 

^ Their proposal (p. 206) is to the effect that those features and structures in 
consolidated and unconsolidated soils which “ . . . are clearly the result of slow flow, 
from higher to lower ground, while over-saturated with water from melting snow or 
ice, rain, or lines of springs or seepages” be classed together under the general term 
of head. 

* SpuRRELL, F. C. J., 1887, A sketch of the history of the rivers and denudation of 
West Kent, etc., Geol. Mag., (3)4: 121-122. Spurrell accepted the term trail, which 
had been used earlier, and proposed the term underplight. See also Dines el al 
(1940:198-226). 
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explain how trail and underplight might be formed, experimented ^vith 
tar, sealing wax, and sand. He was able to produce a structure (Fig. 
119A) closely resembling that of trail and underplight and concluded 



from his experiments that the essen¬ 
tial features could be formed (page 4) 

. . . if the clay were wet and were alter¬ 
nately frozen and thawed, then for a short 



B 


Fig. 119.—Trail ami uncierplicht. {Art. 
103.) A, DiaKraiH showing how wax^boinid 
coarse and fine sand settled into a layer of 
pitch about 25 nim. (1 in.) thick when the 
whole was heated from above. According to 
Deeley (1916:5). who perfonnc<l the experi¬ 
ment, the pitch was first poured into a shallow 
cardboard box and allowed to cool. After it 
had cooled, a thin layer of scaling wax mixed 
with coarse and fine sand was run over it. 
When the whole was cold, a gas flame was at>- 
plied to the surface and both wax and pitch 
were slowly heated from the surface downward, 
w'ith consequent decrease in viscosity. The 
w*ax-bound sand slow'ly sank into the yielding 
pitch. After 10 hours the mass w*as allowed 
to cool, and when sectioned the structure 
shown in the diagram was revealed. The 
coarse grains of sand stand in a vertical posi¬ 
tion, especially near the sides of the descend¬ 
ing masses of sealing wax. as do the stones in 
trail-and-plight. a structure which Deeley was 
trying to explain. [Modified after Dedey, 
1916, Geol Mag.. (6) 3:5, Fig. 2.) B. A 
sketch of trail and underplight. [Adapted 
from SpuirelVe original diagram ae illustrated 
by Deeley, 1916, Geol, Mag,, (6) 3:3, Fig. 1.) 
The arrow indicates the general direction of 
motion in the mobile gravel layer. The 
scale is considerably reduced. Deeley (1916: 
2-5) concluded from his experiment illustrated 
in A that trail and underpligbt was formed by 
slow sinking of heavy sands and gravels into 
plastic mud with properties like those of 
brittle tar. Most present-day geologists con¬ 
sider the feature a frozen ground structure. 


time after each thaw the clay, brickearth, 
silt, loam, or soft chalk would be in a 
slightly fluid condition, and any beds of 
superior gra\’ity which rested upon them 
would sink into the deposit below. 

Trail and underplight has been 
reported from several British localities 
[Deeley (1916:3)], and Wills (1938: 
184) recently described and illustrated 
(Fig. 120) a similar structure in 
Pleistocene sands and gravel along the 
Severn River in England. He as¬ 
cribed it to “ . . . solifluxion under 
glacial conditions. ...” 

In North America Bryan (1936: 
222-228) and others have adopted the 
term warp for the contorted zone* 
near the surface produced by the 
churning action and solifluction re¬ 
sulting from alternate freezing and 
thawng (Art. 125). In his latest 
article, Bryan (1946a: 621, 636) pro¬ 
poses mollisol for the surface layer, 

“ . . . which thaws each summer and 

freezes each winter. ...” 

104. Groove Casts. —Geologic 
literature contains scattered descrip¬ 
tions and illustrations of bedding sur¬ 
faces with rounded or sharp-crested 


rectilinear ridges a few millimeters high and many centimeters long. 


* Sand-blasted stones (ventifacts) are commonly incorporated in the chumed-up 
material [Bryan and Nichols (1939:434), Nichols (1941:29], and Wills (1938:184, 
Fig. 3) recently illustrated a cross section showing a layer of such stones resting 
unconformably on a contorted zone in the Pleistocene terrace deposits along the Severn 
River in England. 
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The ridges are striking because of their marked parallelism and constant 
size, and particularly because they are confined to the undersurfaces of 
sandstone layers lying on mudstone. Two or three sets, usually differing 
somewhat in size and transecting one another, may be present on the 
same surface (Figs. 121, 122). 

These interesting and puzzling ridges, here designated groove casts, 
seem to represent sand fillings (casts) of rectilinear, V-shaped and 
U-shaped grooves existing in the upper few millimeters of the bottom 
sediment on which sand was deposited. They show the same general 
relations as the flow casts ^\^th which they are closely associated. They 
can hardly be the fillings of mud cracks because of the regularity of 



Fio. 120.—Deformed eand and gravel overlain by a loyer of wind-etched i>ebblc» in tlie Pleistocene 
deposiU along the Severn River in England. The section consists of (1) horizontally bedded gravel an<l 
sharp sand; (2) sharp sand and scants of pebbles, horizontolly bedded below, but sonicwbat festooned 
above; (3) very irregular and contorted gravel and clayey sand; (4) layer of wind-otehed |>ebl>les in the 
base of (5); (5) loamy red sand with slight horizontal bedding. The contortions in bed 3 are believed 
by Wills (1938: 184) possibly to have been formed by ‘‘solifluxion under glacial conditions either during 
or after the accumulation of 3 and 2.** (Arts. 103, 108, 148.) {Adapted jxota 11 i/f^, 1938, Geol. Soc» 
London Quart, Jour., 94 : 184, Ftg. 3.) 

pattern of any set of ridges. The original grooves appear to have been 
made by simultaneous rectilinear advance of a squad of objects propelled 
by a current, but it must be admitted that this suggestion is vague and 
indefinite. 

Two possible agents come to mind. A thin sheet of pack ice com¬ 
posed of many broken blocks and propelled across a shallow bottom could 
leave many shallow, rectilinear and parallel grooves made by the very 
ends of some of the blocks as they plowed over the bottom.* Larger 
blocks would make large grooves—much larger than those under con¬ 
sideration here.2 A ^vind shift would cause drift in some other direction, 
and thus a second set, or even a third, could be superimposed on existing 
grooves. Clarke (1918:206) accepted this explanation as a result of 
suggestions made to him by J. B. Woodworth. 

* More than a century ago Lyeil (1845:144) reported that a Doctor Harding had 
observed furrows formed in this way in mud along the estuaries near Wolfeville, N.S. 

* See Williams (1881: 318-320), who ascribes certain channels in muds to icebergs 
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A second agent might be algal rafts with rock anchors. Upon coming 
into shallow water, such stones might be dragged across a tidal fiat, either 
inland by a rising tide or seaward by undertow, plowing grooves in the 

bottom sediments as they advanced or retreated. It does not seem 

% 

pos.sible. however, that this agent could produce large systems of parallel 
and rectilinear grooves such as those shown in Fig. 121. 




Courlein of Sen- York State Mueeutn 

Fio. 121.—Groove casts in the Devonian Portage sandstone of New York (timch reduced). A. Origi¬ 
nal grooved surface showing numerous rectilinear furrows and striations thought to have been cut into 
the sediment of the strand by wave- or oirrent-transported objects that were dragged across the bottom. 
It will be noted that not all the depres-sions are parallel, indicating that direction of movement change<i- 
B. Counterpart of A. showing rectilinear sharp-angled ridges of sand that represent the backfillings of 
the grooves. (.\rt. 104.) (After Clarke, 1918. Bull. N.Y. Stale Mue.. 196: 219, Plate 15.) 


Hall (1843:234-237; 1843a: 422-432; 18436:148-149) and Dawson 
(1855, 1868) were among the earliest North American geologists to 
describe and illustrate ridges similar to those here discussed. Many 
years later Clarke (1918:204-206) described and illustrated well-pre- 
ser\'ed groove casts from the Devonian Portage beds of New York but was 
doubtful about the general explanation of that day, viz., that they were 
formed by tidal currents or by the dragging of irregular objects such as 
algal anchor stones over wet sand. He was inclined to accept the sug¬ 
gestion of J. B. \Voodworth that ice blocks plowed the grooves. Groove 
casts are especially characteristic of shallow-water clastic layers associated 
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coal-bearing sequences. The author has seen them in vertical 
Horton beds of the Nova Scotia Mississippian, in the Pennsylvanian of 
the Appalachian trough, and in beds of the same age in southwestern 
Indiana (Fig. 122). These are probably ascribable to some agent other 
than grounding ice packs or icebergs. 


Fio. 122.—Groove casta on underaidc of Mia»i«ipjdan Horton sandstone layer from Ca{)e Breton Island, 
Nova Scotia. Thia surface represents the counterpart of an original grooved mud bottom. The sand¬ 
stone bed lay upon a mudstone. (Art. 104.) 

Where observed in situ they lie on the underside of the layer. If this 
is always the case, then they constitute a reliable top and bottom crite- 
rion.i Since there are many kinds of surface ridges and ridgelike mark¬ 
ings on the upper surface of some beds, care should always be taken that 
true groove casts are not being confused with such surficial ridges. The 

'Hall (1843 : 237, Fig. 103) illustrated a semicylindrical specimen with many 
fossils on the rounded side and considered it a filling of a mud furrow, the shells 
having been drifted into the furrow before deposition of the superincumbent mud. 



marked parallelism of the former, together with the fact that they lie in 
contact with mudstone, should suffice to prevent such confusion. 

105. Inorganic Objects between Layers.—Concretions, boulders, and 
ventifacts. lying along the separation plane between contiguous beds, may 
show, by tlieir relation to the two bedding surfaces, that they lay upon 
one bed as they were buried by the sediment now constituting the other. 



Courtesy of Geoloyical Survey of Canada 

Hu. IJ.i.—Photoniirrograpli of laii>iiiato<l Kraywarkc from the Pro-C'aiiihriau Cowgarxla formation of 
Ontario, showinj; a cross section of two comt>lcte bii)artite layers with a (jnartzitc jn-hble between. The 
l.ebblc. coining to rest on the 6ner laminae of the lower layer, caused them to be bent downward to some 
extent. Tbe coarser basal laminae of the covering layer first abut against the pebble, but later laminae 
arch gently over it. The gradation upward in each bipartite layer, from coarse to fine materials, 
furni.shes a second means of distinguLshing top and bottom and corroborates the interpretation of the 
relations .shown by the pebble. Tlie individual graded layers range in thicknc.s.s from about 0.5 to 3.0 
mm. (.\rts. 51. 97. 105.) (After Collins, 1025. Geol. Sureeu Canada Mem.. 143: 66. 148. Plate XI5. 
A print from Co/f«n«’8 original negaliVe, 35019, uas furnished by tbe Geological Surrey of Canada.) 


These relations may be useful as top and bottom criteria. Similar rela¬ 
tions are also developed on a microscopic scale as shown in Fig. 123. 

106. Bl'kied Conchetions. —Only syngenetic concretions 
concretions formed just before or simultaneously ^\ith the deposition of 
the enclosing sediment) [see Tarr (1921:373-384; 1935: 1493-1534)] are 
reliable for determining the top or bottom of beds (Fig. 124). Twenhofel 
(1932: 713) states that “ . . . thickening and bending upward of laminae 

toward concretions, with some laminae terminating against them, 
strongly suggest a syngenetic origin.” Even if the concretion can be 
proved syngenetic, its relations to the surrounding rock are not always 
definite enough to establish which direction was up or down at the time it 
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was buried. Usually, as sho^Mi by Fig. 125, most of the concretion lies 
above the general surface on which it came to rest. Ellipsoidal concre¬ 
tions are consistently flatter on the bottom side and rest in a shallower 
depression, whereas the curvature of the top side is distinctly more 
convex upward.^ Also, as pointed out in a preceding sentence, some 
of the laminae of the covering layer end abruptly against the concretion, 




Fio. 124.—Syngenetic concretions in the Eocene Green Hivcr shale of Wyoming {X 5). A. A spheroidal 
concretion that sank into the bottom sediments about halfway and was later buried. The orientation 
of this concretion is uncertain. B. A concretion flattened in the plane of bedding. When it came to 
rest on the bottom materials, only a few of the uppermost laminae of the eubstratuin were disturbed, 
for it did not sink into those materials to any extent. Later sedimentation surrounded the concretion 
with more thin laminae, the first of which were steepened peripherally by settling. The concretions may 
be of coproUtic origin. (Arte. 106, 113.) 


whereas later laminae rise steeply toward it, either ending against it or 
passing over it in a gentle arch. Tarr (1921:373-384) and Trefethen 
(1947: 5G-58) mention that some concretions have slickensided surfaces 
on the upper side, but it is uncertain whether this slickensiding was 
caused by the surrounding beds slipping down around the concretions 
during their consolidation or by the upward growth of the concretions 
themselves. 

The late Dr. W. A. Tarr^ made two additional comments on concre¬ 
tions that are worth repeating here. 

* W. A. Tarr, personal communication, Apr. 13, 1938. 

» Ibid. 
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I have recalled another feature which I observed in the flint of the English 
chalk and in the chert of the Pennsylvanian in Kansas. When nodes develop 
on a nodule they are consistently on the upper portions and may in themselves, 
as they grow outward from the nodule, curve upwards. Of course where chert 
nodules occur in a formation containing stylolites these features consistently 
develop on the upper portion of the nodule. 

Trefethen (1947: 56-57) also reports that some stylolites curve over 
chert lenses, his examples being in the Burlington limestone of Missouri. 
He notes another small feature in chert nodules themselves, which if found 

clearly developed, might 
be of use as a top and 
bottom criterion. This 
consists in V-.shaped cracks 
reaching dovmw'ard into 
the chert nodule from the 
upper surface. These 
cracks, according to Tre¬ 
fethen (1947: 58), 

. . . may be the result of de¬ 
hydration and shrinkage, or 
they may be tension cracks 
formed by settling and slight 
deformation under load. In 
either event they probably developed before the chert had reached the 
rigidity of complete dehydration and crystallization. 

Cracks of this sort should be looked for in chert nodules believed to be 
of primary or syngenetic origin. 

Syngenetic concretions of material other than silica (e.g., iron sul¬ 
phide) tend to adhere to the bed in which they grew rather than to the 
covering layer if the contiguous layers are separated (Fig. 147). 

If a syngenetic crystal forms and then becomes unstable, it will upon 
disappearing leave a cavity, which, if the surrounding material permits, 
vAW persist until filled with incoming sediment. Thus a sedimentary 
pseudomorph of the original crystal will stud the underside of the covering 
layer and will fit into the cavity once occupied by the original crystal. 
Raymond (1930:29) has described such pseudomorphs in the Upper 
Cambrian Roche Miette formation of Alberta (Art. 98), and a specimen 
is illustrated in Fig. 197. 

In summary, it may be said that syngenetic concretions are useful in 
top and bottom determination if their relations with surrounding 
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Fto. 125.—Syngenetic chert nodules and lenses in Utnestone. 
A. Diagram showing spheroidal and ellipsoidal masses of 
silica that have come to rest on the ocean floor whore cal* 
careous muds arc being deposited. B, The probable appear* 
ance of the original silica masses of A after burial and alter¬ 
ation to chert. It b to be noted that, although the chert 
nodules and lenses are slightly convex downward, most of 
their mass lies above the general bedding surface. The chert 
nodules range in size from milUmeters to centimeters. (Art. 
106.) {Sketches based on suggestions by the late Pro/, ir. A. 
Tarr.) 
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are self-evident. Because these relations vary greatly however, it is 
always advisable to seek other criteria for purposes of corroboration. 

107. Buried Boulders. —Boulders coniing to rest on a soft, hydro¬ 
plastic substratum sink into the sediment some distance and exhibit 
diagnostic relations with both supporting and covering sediment, as 
discussed in Art. 100. ’ 

If the substratum is firm enough to support the boulder, however, the 
latter wiW deform the underl>dng material very little. Consequently, 
the first few laminae deposited usually end abruptly against the boulder 
(as they do against a syngenetic concretion), and under special conditions 
a thin capping of the first deposit remains on top of the boulder (Figs. 



Fiq. 128.-^ketch ahowing how shale laminae abut against and then arch over buried pebbles, with some 
sagging of the laminae between pebbles. This figure should be compared with Fig. Ill to determine 
how the relation of laminae around a buried pebble or boulder differs from that around a sinuJar object 
which dropped into soft sediment and was then buried. Many examples of this sort of relation may be 
ficon in the stratified shales, sandstones, and conglomerates associated with the Carboniferous Sauantum 
tillite on Squantum Head, Massachusetts. (Art. 107.) * 

126, 127). Later laminae rise gently, as they approach the buried object, 
and either abut against it or pass over it in a gentle arch. 

108. Buried Ventifacts, Lag Gravels, and Solution-faceted 
Pebbles.— Ancient ventifacts (wind-etched and wind-faceted pebbles 
and boulders), lag gravels, and solution-faceted pebbles on sand plains 
and deserts may have been buried by advancing dunes or other aeolian 
deposits and never again uncovered. These buried stones should lie for 
the most part in the position they had when buried (Le., the faceted or 
etched side of the stone should be up). Such a ventifact (Fig. 128A) was 
discovered some years ago in the St. Peter sandstone, which has been 
widely interpreted as an aeolian deposit, and geologic literature contains 
several references to similar occurrences.^ 

^ Bather, F. A., 1900, Wind-wom pebbles in the British Isles, Proc. Geol. Assoc. 
for 1900, pp. 396-420 (article contains an excellent list of references); Grabau, A. W. 
1924, “Principles of Stratigraphy," pp, 54-55 and reference list on pp, 92-98, A. G 
Seiler, New York; Bryan, Kirk, 1931, Wind-wom stones or ventifacts—a discussion 
and bibliography, Nat. Research Council, Ann. Rept. 1929-1930, Rept. Comm. Sedi¬ 
mentation, pp. 29-50. 
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Grabau (1924: 54) states that ventifacts have been found in the Pre- 
Cambrian Torridonian sandstone of Scotland, the basal Cambrian of 
Sweden, the Permian Rothliegendes of Germany, and the Triassic Bunter- 
sandstein of Thuringia, but he says nothing about the position and orien¬ 
tation of the indi\'idual stones. 

Wills (1938:184) found a layer of Pleistocene ventifacts in the base of 
a loamy red sand, which transects a much contorted bed of sand and 
gravel (Fig. 120); Schoewe (1938: 111) has reported ventifacts of Penn¬ 
sylvanian age in the upper 5 ft. of the Fountain formation of Colorado 

C 

LS 

RC 

GL 
RC 

LS 

Fio. 127.—Pebble buried in Plolstocene silt and clay showing one profninent thin layer of coarser 
material obviously deposited soon after the pebble came to rest on the bottom silt. The sketch » 
slightly reduced. C » clay; GL » grit layer; LS = laminated silt; RC » red clay. (Art. 107.) 
{Modified after Tarr, 1035. B\Jl, Geol. Soc. Am,, 46: 1499, Fig. 1.) 

and states that they are found in situ; and more recently Barnes and 
Parkinson (1940:665-670) have described dreikanter from the basal 
Cambrian Hickory sandstone of Texas. The latter occurrence is of 
special interest, and its description is worth quoting in part (page 669): 

Many of the dreikanter of this locality are exceptionally large, some of which 
range up to 4 inches across. These ... are mostly faceted on the surfaces 
which were upward during basal Cambrian time. . . . The dreikanters were not 
disturbed while finally being covered by sand as is attested by their present posi¬ 
tion with the faceted faces upward. The sand which incorporated them must 
have been wind blown rather than water borne, othenvnse many of the pebbles 
would have been turned over onto their faceted faces. These dreikanter are 
found in place by turning over basal sandstone slabs. 

An invading sea would, of course, disturb ventifacts and lag gravels; 
but if some dune sand were associated with the stones or if the incoming 
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S6diiii6iits were muds, the stratigraphic succession would be significant. 
The larger stones would tend to remain on the surface where they were 
etched, whereas smaller pebbles would probably lie at a slightly higher 
position in the overlying material because of minor transportation. 

Some years ago Bryan (1929:193-208) directed attention to the 
development of solution-faceted pebbles in dry regions, noting (page 208) 
that 

. . . the pebbles may be considered as proof of the chemical breakdown of rocks 
in climates where such activity is ordinarily underrated [t.e., in dry regions], and, 



Ground surface 
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Fia. 128.—Vcntifacts and Boluticn-faceted pebbles. A. A wind-etched quartzite boulder in the 
Ordovician St. Peter sandstone about 1 mile north of Blue Mounds. Wis. The bouhler was found tn 
«tu. B. Diagram showing solution-faceted pebbles of different 8hai>es in relation to the ground surface 
and substratum. Each pebble has a coating of secondary calcite. (Art. 108.) [B adauied from Brvan 
1929. Am. Jour. Sc».. (6) 18: 104. Atf. 2.J ' 


if found in sedimentary rocks, as a record of land surfaces long exposed under 
conditions of moderate aridity. 


Solution-faceted pebbles are quite likely to be embedded in the sub¬ 
stratum with the etched surface upward (Fig. 128B), and if buried in 
situ they provide an unusual top and bottom criterion. Such buried 
pebbles have been reported from Pleistocene gravel deposits of New 
Mexico by Fiedler and Nye (1933: 34),i and Prof. Kirk Bryan tells the 

‘ In discussing the geology of the Roswell artesian basin of New Mexico, Fiddler 
and Nye (1933: 34-35) report: 

Solution-faceted limestone pebbles were found in gravel deposits partly cemented by 
caliche or calcium carbonate. , . . They have a concave upper surface, which in many of 
them has no definite relation to the original shape of the pebble but is roughly parallel to 
the land surface. The under sides of the pebbles are rounded. These pebbles occur 
chiefly in the upper 3 or 4 feet of the gravel deposit, where it is cemented by caliche. 
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author that he has observed several superposed layers of similar pebbles 

in other Pleistocene gravels of Xew Mexico. 

Solution-faceted pebbles lying on a flat or gently sloping surface of 
denudation are thought to be dissolved by rain water and dew. Those 
formed on the surface of gravel layers are likely to be shaped to some 
extent by running water. 

A second type of solution-sculptured limestone pebble was recently 
described by Scott (1947:141-152). The pebbles are present in a 
Pleistocene gravel terrace in the semiarid Wind River Basin of Wyoming. 
They bear a system of solution-produced grooves, ridges, pinnacles, and 
other features on their upper surfaces and a caliche shell attached to their 



A B . . 

FiQ. 129.—Intraformational cavities (slightly enlarged)* A. Gas bubbles, generated by chemica 
action in the lower part (1) of a mud deposit, rise toward the surface, in some cases joining with 
but are trapped before they can get through the surface laminae (2). The larger bubbles cause arc ina 
of the restraining laminae. B. During consolidation the smaller bubbles may be squeezed laterally m o 
the larger ones, and the latter tend to be flattened out considerably. The slightly arched laminae, 
however, remain and form a conspicuous structural feature breaking the homogeneous laminar stratio- 
cation and indicating the top of the sequence. (Art. 109.) {Diagroms based on suggestions bg C/. • 
Tuttle.) 


bases. These pebbles, as those described in the preceding paragraph, 
would if buried in situ furnish a reliable top and bottom criterion. 

109. Open or Filled Cavities. —Recently the attention of the 
author was called to a phenomenon produced during sedimentation that 
might provide a top and bottom criterion.* 

As successive thin laminae of sediment are precipitated and covered, 
chemical reactions going on ^\^thin the deposited layers cause the evolu¬ 
tion of gas, which tends to rise toward the surface. At a level, or levels, 
determined by several physical factors the gas bubbles are arrested m 
their upward migration. At this level they are able only to arch the 
overlying few laminae slightly. If now these tiny domes, which have 
relief of only tenths of a millimeter to a millimeter or so, can be ra^Q' 
tained until the sediment composing them has acquired some rigidity, 
they may be preserved along a bedding surface as a permanent feature 
scattered tiny hemiellipsoidal protuberances convex upward and cracked 


1 Communicated to the author by O. F. Tuttle, Nov. 1, 1942. 
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if the sediment dries out before burial* (Fig. 129). Air or water trapped 
in rapidly settling muds might produce the same effect. 

This phenomenon is somewhat like that producing pit and mound 
structure (Art. 90), but it takes place during the early phases of compac¬ 
tion rather than during deposition, and the resulting bubbles do not reach 
the surface of the substratum and burst (see Art. 92). 

The cavities thus produced may remain open indefinitely, or they may 
be filled by material precipitated from circulating solutions. In the 
latter case they would appear as a line of eyelets along the bedding, each 
eyelet being somewhat flattened on the bottom and gently domed on the 
top (Fig. 129). Features like these have been observed in ancient rocks, 
but they do not seem to have been mentioned very often since Lyell 
(1851: 241) first described them. The mud bubbles described and illus¬ 
trated by James (1884, Plate V) possibly had the same origin. 

110. Organically Produced Ridges and Depressions.—Throughout 
geologic time, beginning soon after the appearance of life, plants and 
animals have been leaving on the soft substrata on which they dwelt or 
across which they moved an almost limitless variety of relics of their 
existence. Plants leave many markings on sands and muds and when 
tom loose from the substratum may drift across bottoms so shallow that 
they or their anchorage stones plow furrows and gouge depressions in the 
soft sediments.2 Animals leave trails, tracks, and footprints in the sedi¬ 
ments over which they move; coprolites and other excreta, composed of 
some of the materials they have eaten, are left in their wake; and hard 
parts of the animal itself (e.p., the valve of a clamshell) may come to rest 

* Lyell (1851: 241) has called attention to certain small convexities on the upper 
surface of a mud deposit apparently formed in the same manner. His description 
follows: 

Another set of small convexities, also protruding from the upper surface of the mud. 
proved to be crusts of small cavities, each cracked at the top, and were suspected by Mr. 
Faraday, to whom I showed them, to be bubbles of mud which had dried without bursting. 
He succeeded in producing similar convex protuberances experimentally, by pounding up 
the Kentville mud, moistening it with water, and then, by means of gloss tubes, introducing 
air below, which rose to the top in bubbles. Some of these being dried, consolidated 
without breaking, until finally the crust which covered the cavity where the air had been 
imprisoned, cracked at the top on shrinking, like the convex protuberances from the Bay of 
Fundy. 

* Darwin (I860: 497) saw trees with stones enmeshed in their roots that had been 
torn loose from their moorings and drifted across hundreds of miles of ocean to become 
stranded on a distant island. Marine algae with ancho»stones of numerous kinds and 
dimensions are a common sight along many present beaches, and since algae are of 
ancient origin it may be assumed that their progenitors utilized stones for anchorage 
and occasionally marked soft bottoms with these stones when torn up and drifted 
into shallow water. Brown (1912 : 544-547) mentions such seaweeds with anchor- 
stones in Sandwich Bay, I^abrador. 
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on bottom materials soft enough to receive a perfect imprint of the shell. 
Later, if the shell is dissolved, the convex or concave imprint remains as 
a fossil. Animal hard parts, released from their host by decomposition, 
are nothing more than bits of material subject to the waves and currents 
and other activdties on any bottom, and they, like inorganic stones, may 
also leave markings as they are drifted or propelled across soft bottoms. 
Finally, both plants and animals make permanent structures on shallow 
bottoms; these may be so small that they are buried by the first few 
laminae of the covering bed or so large that they extend upward through 
several formations {e.g., coral bioherms). 

111. Trails, Tracks, and Footprints.' —Animals make many kinds 
of trails, tracks, and footprints in unconsolidated sands and soft muds.^ 
These are legion in number and variety—greater even than the kinds of 
animals that make them, for a single individual can make more than one 
type of trail or track. Only a veiy few, therefore, can be discussed here. 
They may be preserved in sand, though the nature of this material is such 
that markings made on its surface have relatively little chance of being 
preserved.^ In soft mud (sandy silts, silty clays, organic muds, etc.), 
however, the probability of preser\'ation is much greater. 


* Trails, tracks, and footprints in ancient rocks have attracted world-wide atten¬ 
tion, not only from geologists and paleontologists but also from naturalists and 
amateur scientists, and geologic literature contains many descriptions and illustra¬ 
tions, some of which first appeared more than two centuries ago. 

The first geologists to carry on field work in America noted the now familiar trails 
of the Cambrian Potsdam ClivmctichnUes [see Woodworth (1903: 959-966)1, which 
somewhat resemble the impression left by a truck tire in soft, sandy mud; the peculiar 
three-toed tracks of the eastern Triassic, which were first ascribed to birds before it 
was realized that there had been dinosaiirs with three-toed feet [see Lull (1904, 1915) 
for extensive bibliographies); and the spectacular footprints of dinosaurs at many 
localities in western North America. Although these evidences of ancient and long 
extinct animals are now so familiar as to be commonplace, we should not lose sight of 
the fact that their discovery created a sensation only a short time ago because of 
the strong support they gave to scientists who were casting aside the concept of the 
Universal Flood and looking for fossil evidence to support the evolutionary hypo¬ 
theses of Darwin and Wallace. 

* On present beaches, tidal flats, and alluvial plains, where man has not settled, 
animals make myriads of tracks and trails that stand a good chance of preservation. 
On ancient beaches, undisturbed by man, animals left the same kind of record. 

Brown (1912) describes such a modepi beach on Sandwdeh Bay, Labrador, where 
the animals of the region, free to wander without man’s interference, have left an 
amazing record of trails and tracks. 

* McKee (1945: 323) mentions reptilian footprints headed uphill on dune foresets 
in the Coconino sandstone and states that these w’ere preserved because the sand was 
damp at the time they were formed. Dampness is probably one of the prime pre¬ 
requisites for preservation of imprints in sanA 
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Trails may be a straight or curved line of pimples or pits, short angular 
or rounded ridges or depressions, rounded or angular continuous ridges or 
furrows that may be simple or composed of several lobes, irregular ridges 
and depressions, and a great variety of other forms. ^ They may be 
striated or ribbed longitudinally, and some exhibit the same sculpture 
transversely. 

The use of trails as criteria for determining the top surface of a bed is 
definitely limited by several important factors. It must first be estab¬ 
lished that the structure is a trail and of organic origin. Next, the rela¬ 
tions of the trail to the contacting bedding surfaces should be examined 



OeoloQiecl Survey/ of Canada 

Pio. I30^Sketch of the undorsiirfacc of o Ran<l«toiic layer from the MuHRLssippian Horton «crie.H of Nova 
Scotia, showing sinuous interlaced ridges of sandstone that apt>ear to have l>cen niatlc by the buck6lliiig 
of worm traiU left in a soft, plastic ininl. The mnil, later indurated to iniidstone. has been weathered 
and eroded away, leaving the intertwined sand 6llings in relief. Features like these are common on the 
iindorsurfaco of sandstone layers overlying mudstone. They do not occur on tlie upT>er surface of sand¬ 
stone layers except under unusual conditions. (Art. 111.) (After Daueon, 1808, *\icaduin Geohoi/" 
p, 266, Fig, 79.) 


to determine whether the original was a ridge or a groove. Finally, 
satisfied as to the origin and nature of the marking, tlie investigator can 
proceed to establish the sequence of beds containing the fossil. The 
investigator should be forewarned, however, that more often than not 
structures which he thinks are trails give only inconclusive evidence. 

Since trails may be either ridges or depressions on the substratum, it 
follows that they should have counterparts on the underside of the over- 
lying bed. Some counterparts furnish a more faithful record than the 
original (Fig. 130). An example is the well-known fossil Arthrophycus 

‘ Hughkh, T. M,, 1884, On some tracks of terrestrial and fresh-water animals 
Oeol. Soc. London Quart. Jour., 40: 178-186. 

* Stauffer (1939: 500) describes an example of this relation as follows: 

Trails and burrows may be observed commonly in the simie or in the limestone lense.s 
(of the Middle Devonian Olentangy ehalo of Ontario). The bottom layer of the Canadian 
Encrinal (probably Prout) lime.stono fills or fits into large furrows that were surface trails 
of this sort, and associated with those ore the tooth of Polychaeta. conodonts. and fish 
together with phoaphotic coprolitio bodies of unknown origin. 
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(Fig. 131), usually regarded as a worm burrow [Sarle (1906:203-210); 
Shimer and Shrock (1944:719)]. Inasmuch as it always lies on the 
underside of sandstones resting on shale [Hall (1843:46), Grabau 
(1913: 463), and others], it is difficult to understand how a worm could 
burrow through mud and yet excrete sand or how a worm could travel 
along the bedding plane between sand and mud and leave the kind of 
trail that is found. 



Fio. 131 .—Arthrophyeus alleghanienBia (Harlan), a Silurian trail commonly found on the underside o 
K&ndstone layers overlying s^hale The fossil is believed to represent the sand filling of a trail mads m 
boft mud by a crawling animal of some sort Both figures arc reduced about one-half. A* 
of a coiled 8i>ecinicn. If this illustration is correctly drawn, it is possible that the trail was not 
the same species of animal that made the fossil shown in B. B, Cluster of trails* (Art. 111.) \Aj 
Hall, 1852, Pal N.Y., Vol 2. Platt 2, Fxqs. la. Ic.) 


It is here suggested that typical Arthrophyeus and many other under¬ 
side “trails” of similar nature were formed as follows:^ Some invertebrate 
animal (possibly a worm, mollusk, or arthropod) crawled over a soft mud 

^ Grabau (1913: 463) made essentially the same suggestion more than 35 years ago. 
The expression typical Arthrophycits has been used because certain fossils not prop 
erly belonging in this genus have been referred to it. There is some question, ^r 
example, as to whether the two types of fossils illustrated in Fig. 131 were made y 
the same species of organism. The mode of origin suggested here applies best to 
type shown in Fig. 131B; some other explanation will probably have to be found or 
fossils such as that shown in Fig. 131A. 
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surface leaving behind a rounded, faintly transversely rippled furrow. 
This furrow or trail was later filled ^^^th sand. The counterpart thus 
formed had a perfect imprint of the “ tracked-up ” mud surface, and being 
an integral part of the sand layer it is always on the underside of that 
layer. It must be established, of course, that a certain “trail” really 
occurs on the underside; but if the relations are similar to those just 
described for Arthrophycus, then one should be on the alert for counter¬ 
parts and use them accordingly. It is almost certain that many of the 



Fi< 3. 132.—Recent bird trackM made in soft mud that is alno pitted with imprint.H of raindrotw. The 
mud was quite soft at the time when the tracks were made, as indicated by the depth to which the bird's 
toes sank. The a|>ccinicii was obtained from hardened tnud along the Bay of Fundy. Canada. (Art, 
111 .) 

so-called “worm trails” and “fucoids” described and illustrated in 
geologic literature are actually sand fillings of small furrows made in soft 
substrata by invertebrate animals. 

Walking animals often leave tracks or footprints on sandy and partic¬ 
ularly on soft, muddy surfaces (Figs. 132, 133) of flood plains, tidal flats, 
and beaches. If the soft sand and mud can take and retain the impres¬ 
sion, these imprints are buried \vithout much modification and they and 
their counterparts are reliable top and bottom features (Fig. 133). 
Counterparts commonly record the details of a footprint much more 
faithfully than the shale beneath because of the latter's tendency to 
break up readily upon weathering. Consequently, plaster replicas of the 
original “tracked” surface, made by pouring plaster of Paris over the 
counterpart, may have to be prepared in order to study the footprints as 
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they appeared originally. A case in point is illustrated by Sternberg 
(1931; 1932: 59-85; 1933: 953-954, Plate 35) (Fig. 134). 


$ 



Fio. 133.—Track of a giant dinosaur in a Cretaceous coal bed in Wyoming. The footprinta were Wed 
with mud, and the counterpart thus produced adheres to the undersurface of the overlying black shale. 
In underground mining these counterparts are commonly visible in the roof and are dangerous because 
they sometimes break loose and fall to the floor. The tracks are about 1 m. long from the base to the 
tip of the central toe and were made by a giant dinosaur, which, as it walked across a coal swamp, sank 
nearly H ni, (1 ft.) into the coaly material, {Art. 111.) {Sketch based on verbal description by E. S. 
Shorty.) 



Fio. 134. —Slab of Pennsylvanian sandstone from Nova Scotia, showing the counterparts, or negativ^ 
of footprinta made by the amphibian Pstudobradyptis unguiftr (Dawson), The scale is one-fift^n 
natural size. It should be noted that these counterparts are on the under tide of the layer* (Art* II •) 
{After Sternberg, 1933, Bull. OeoL Sot. Am., 44; 962, Plate 35, Fig* 3.) 


Shuler (1917: 294-298) describes and illustrates some well-preserved 
tracks in Lower Cretaceous limestone of Texas that appear to have been 
made by a dinosaur wading in plastic calcareous mud (Fig. 135). In tbis 
case the calcareous substratum faithfully preserved the track itself. 
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Probably the most widely knowTi animal tracks or footprints are those 
made by the three-toed dinosaurs of the Mesozoic. These gigantic 
beasts, w^andering over tidal flats, alluvial plains, and swamps, left their 
footprints deeply impressed on the soft sediments of the substratum. 
Burial of the imprints and formation of their counterparts resulted in a 
faithful record of the momentary passing of one of the mightiest of all 
creatures. Such footprints are abundant in the Triassic New'ark series 



Flo. 135.—Crotw section of a part of the Lower Cretaceous Glen Rose formation of Texas, showing one 
thin limestone bed that was tracked up by a passing dinosaur while still plastic enough to take and 
preserve the imprint of a foot. The outline of the track is one-twelfth natural size. The easily eroded 
shale overlying the traoked-up limestone has been removed, so that the track now appears as a three- 
toed depression in the limestone surface. (Art. 111.) [Modified after Shuler. 1917, Am. Jour. Set., (6) 
44: 297. FtV. 3.) 

of the Atlantic seaboard* and in the Jurassic and Cretaceous formations 
of the western United States* and Canada. Elsewhere, the world over, 

1 Deane (1844:73-77; 1845:214r-215; 1861:1-61); Hitchcock (1844:292-322- 
1848: 129-256; 1858: 1-220); LuU (1904:461-557; 1915:1-285; etc.) (see also U.S. 
Geological Survey Bibliographies). 

»In Wyoming, mighty Bronhsaurus left its footprints in a coal swamp, and later, 
when the swamp was buried by carbonaceous mud and the organic matter solidified to 
coal, the counterparts of the footprints remained to show that the animal had passed 
that way. These counterparts, as much as 1 m. (3 ft.) long and H m. (1 ft.) thick, 
appear as large, downwardly projecting bumps on the underside of the black shale 
roof over the coal (Fig. 133). They are a constant danger to miners because they 
sometimes break along the bedding and fall to the floor of a tunnel or room. (The 
author is indebted to Prof. E. S. Shorey, University of Wisconsin, for this information.) 



180 


SEQUENCE IX LAYERED ROCKi^ 


similar footprints have been found or are to be expected in Mesozoic 



A B 

Courtesy of (7.5. iVahanof ^^useum 


rio. 136.—Two sandstone slabs from the Permian 
Coconino sandstone of the Grand Canyon, consider* 
ably reduced, showing tracks (S) and negatives of 
the tracks (A) made by an extinct amphibian. It is 
to be noted that the two contiguous layers separated 
rather cleanly along the bedding surface, so that the 
negatives of the tracks are on the underside of the 
overlying bed. (Art. 111.) {A/ter Merr^am. 1930, 
Carneyie InsL Washington Neics Service BulL, 3 
(11): 82. Fio.] 


strata [see Albritton (1942:161- 
181), Branson and Mehl (1932: 
383-398), Carman (1927:385- 
396), and Shuler (1917: 294-298)]. 

Quadrupeds other than rep¬ 
tiles, and of various ages, have 
also left footprint records (Fig. 
136). Merriam (1930: 79-84) de¬ 
scribes and illustrates many of 
these (Fig. 136) and states that, 
through the labors of the late Dr. 
Charles W. Gilmore, footprints of 
about 30 species of extinct am- 
pliibians and primitive mammals 
are now in the U.S. National 
Museum in Washington. 

Inasmuch as the large and 
well-preserved footprints of quad¬ 
rupeds occur in strata that are 
commonly folded into mountains, 
it follows that they may be quite 
viseful in unraveling some com¬ 
plicated structures. Counter¬ 
parts should always be sought in 
these rocks.^ 

^lany kinds of systematic and 
symmetrical markings have been 
interpreted as the tracks of inver¬ 
tebrate animals.^ Worms, certain 

> Hughes (1844; 180) obsen'od black 

grains of peat and broken, blackened 

vegetation in troughs of ripple-marked 

surfaces, and Stetson (1945) reported 

the concentration of vegetable debris in 

the troughs on the lee side of current 

ripples. If a heavy biped or quadruped 

should walk across a rippled surface 

♦ 

where such concentrations of organic 
material were present and should com¬ 
press the debris into the substratum, the 
ultimate counterpart of the footprint 


might have a thin carbonaceous film separating it from the original imprint. 

’ Raj’mond (1922: 108-114) suggests that many so-called “worm trails” on bed- 
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mollusks, and arthropods of the walking and crawling t}TDe usually are 
credited with having made the markings. If the tracks are sharply enough 
defined and w'ell enough preserved for the original to be differentiated 
from the counterpart, they are usable as top and bottom criteria. 

112. Burrow^s and Borings.^ —Many animals burrow or bore 
tubular holes into the substratum, and if these excavations are so disposed 



CouritBy of L. W* SUphenzon ^ V.S. Geoloyxcal Survey Courtesy of L. ir. Stephenson, 

U,S, Geoloyiea! Survey 

PlO. 137. Fjo. 138. 


Fio. 137.—Problematical cavities (shown as white streaks) in cut of Illinois Central Railroad. 4.5 miles 
southeast of Corinth, Miss. 

Stephenson and Monroe (1940: 169-170) deacribe these as follows: Cavities ^2 to 2 feet in diameter, 
some of which are branched, filled with leached gray sand, extend from the basal 2 or 3 feet of the surficial 
formation into the underlying glauconitic sand of the Coffee to a maximum depth of 6 or 7 feet. A few 
pebbles of quartz and quartzite are scattered through the gray sand, and in most of the cavities a number 
of pebbles are segregated at the bottom [see Fig. 138]. . . . The sand^filled cavities are believed to have 
been produced by the roots of pine trees and subsequently filled by sand and {>obbtes falling in from 
above os the roots decayed or were burned out by forest fires. The bleaching of the sand may have been 
effected by the organic acids resulting from decay of the wood.*" CaWties such as these may be ex]}ected 
along ancient unconformities. The segregation of boulders at the bottom of the cavity is noteworthy. 
(Art. 112.) {After Stephenson and Monroe, 1940, Buif. Mississippi Qeol, Survey, 40: 170. Fiy. 37.) 
Fio. 138.—Near view of a problematical cavity similar to those illustrated in Fig. 137. A dozen or more 
pebbles averaging about 25 mm. (1 in.) in longest dimension are segregated in the bottom of the cavity, 
which appears as a broad white zone. Several of the pebbles are outlined. Cut of the Illinob Central 
Railroad, 6 miles southeast of Corinth, Miss. (Art. 112.) {After Stephenson and Monroe, 1940. Buff. 
Mississippi OeoL Survey, 40: 171, Fig. 38.) 

as to bear a diagnostic relation to the surface of the material in w’hich they 
lie they may serve on occasion as useful top and bottom criteria. 

Clams and brachiopods that burrow in sand and mud may be 
entombed in the bottom of their tubes where they lived, and even if the 
shell is dissolved away the tubular excavation, open at the top and 

ding surfaces of sandstone and shale layers were probably made by gastropods and 
other short-bodied invertebrates. 

* Stephenson and Monroe (1940: 170) describe small, sand-filled, tubular cavities 
in the Upper Cretaceous deposits of Mississippi and conclude that they were “pro¬ 
duced by the roots of pine trees and subsequently filled by sand and pebbles falling in 
from above as the roots decayed or were burned out by forest fires” (Figs. 137, 138). 
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Fio. 139.—Diagram showing relation of burrow's to substratum and of fillings to burrows. The organ* 
Urns that excavated the tubular cavities burrowed downward into the soft sediment of the substratum. 
Usually the organism disappeared before the burrow was filled, but in some cases the shell was buried in 
6itu at the rounded and expanded end of the burrow as shown in E, A and D show burrows of different 
sizes completely filled wdth sand like that in the covering layer. £ is a small burrow that w*as only 
partly filled. The cavity above the incomplete filling might well become filled with calcite or some other 
mineral later. C b a large burrow that was partly filled with shell fragments and other debrb before 
sand was washed in to complete the filling. B shows a burrow with the organbin that made it buried 
in 9ilu at the bottom of the excavation. Thb shell might be dbsohxd later and the resulting cavity 
filled with calcite or some other mineral as in 5. Burrows usually are confined to the upper few centi* 
meters or inches of a layer. Thb tyjie of burrow, excavated into the soft sandy or silty substratum, 
should be compared with the boring drilled into solid rock as illustrated by Fig. 143. (Arts. 112, 189.) 



Fio. 140.—“Worm burrows along unconformity between Black River and Trenton limestonw 
Elkin. Ky. A. Wavy laminated limestone with many small calcitic stringers, which may be fossils. 
Compact fine-grained limestone containing numerous vertical seams of calcareous sand representing the 
fillings of burrows dug into the soft calcareous mudstone. Around some of the larger burrows is a zone 
of lighter color that ends away from the burrow in a streak or band of darker color. C. Layer of platy 
shell fragments with random orientation mixed with more finely comminuted shell fragments simil^ o 
the material in the burrows. The layer abo contains numerous calcite-fillcd cavities. One 
cavities—at the extreme left—was partly filled with sediment before calcite was deposited. D. Clas ic 
layer composed of fine shell fragments strewn out essentially parallel to stratification. U. Unconform¬ 
ity between Black River (below) and Trenton limestones. (Art. 112.) {The iktteh is bosed on 
mens 90.354 and 90,354a in the U,S> Nctional Museum.) 
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rounded at the bottom, shows by its position below the bedding surface 

which is the upper side of the layer (Fig. 139). The burrows may remain 

open, or they may be filled rvith material similar to that in the overlvine 
bed (Fig. 140). 

The ubiquitous ScoHthus, however it may have been formed, appears 
to represent a burrow of some sort. It ends upward at the bedding 
surface and extends verticaUy or obliquely downward for many centi¬ 
meters (several inches) into the bed. So far as observed, the tubes have 
never been seen to start at the base of a bed and extend upward into it 


0^0 


0 o 


^ o o 


o O 



and steeply inclined btirrows excavated by an unknown organism (ScoHthus) in the 
«ands of Cainbnan sea bottoms. So far as ob.ser%'ed these burro^-s always extend downwardTror^ he 
surface o a bed never upward from the ba.,e. They may be o,M.n. parUy fiTeS or rr^pleteb Sled 
Commonly the filling makes a slender axial rod that can be removed. The tubes range in length from I 

to 10 or 15 cm. but maintain uniform diameter—about 3 to 4 mm_reaardlcsa of loncrth in « 

typical specimen the majority of the burrows arc eiwcntially vertical- hence *if KoH* b * K 

of the tubes inclined strongly in one direction, it is possible u deUr^ 

differential movement between beds. (Arts. 112. IfioT ‘be direction and amount of 


(Fig. 141). Since the tubes called ScoHthus are usually vertically dis¬ 
posed in undisturbed beds— i.e., essentially perpendicular to the bedding 
planes—their mass deviation from this position of perpendicularity to 
bedding in folded or faulted beds indicates the direction and amount of 
shear, as pointed out by Dale (1902:12).‘ 

The U-shaped burrows made by certain marine worms (AremcoHtes) 

‘ (If 2: 12) reports deformed ScoHthus tubes from Cambrian quartzite near 
Arlington, Vt., as follows: 


At a point a half mile southeast of East Arlington, on the eastern side of the brook and 
road, ‘•j® ^^“rtzite crops out, filled with annelid borings and dipping about N 20‘’W at an 

“w",t M ‘ <'■» probably due ,o the northeX pitch ^ a foH 

With a N.-S axis As borings made by annelids in sand are vertical, they should remain 

of from U T' . on/*'® *>°rings an inclination 

the. 3., eudX dicectii oil rx^a^o 
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always loop downward into the substratum, with the ends of the loop 
open to the surface, and one opening commonly has around it an annular 
ridge, which represents some of the sediment cast from the burrow (Fig. 
142). 

Under certain conditions sand hoppers, a type of amphipod, dig 
tubular burrows as much as 25 cm. (10 in.) deep by kicking out the sand 
first in one direction and then in the opposite, so that the excavated sand 
grains constitute two prominent rays radiating in opposite directions from 
the boring. Emery (1944: 26) describes the boring and rays as follows: 
“ . . . [The] hopper forms two rays of sand, each of which may have a 



Flo. 142. Worm burrows. A. Diagram illustrating the U*shaped burrow excavated in mud and sand 
bottoms by the marine worm Aremcola. The animal feeds at one end of the burrow and casts off 
excreta at the other. The burrows may extend downward from the surface for half a meter or more 
(seve^l B. A burrow like those in A, which is present in the Devonian Chemung formation of 

New York. The burrow is 5 to 6 mm. in diameter, and the wall is about 2 mm. thick. This burrow, to 
which the name Arenicolites chemungtnna has been applied, is believed to have been excavated by a 
worm. The curvature of the burrows, their relation to the surface, and the ring of castings about the 
opening provide means of determining the top surface of a bed. (Arts. 112, 169.) (A 
B modified after Whitfield, 1904. Bull. Am. Mua. Nat. Hiatory, SO: 473-474, Plate 14. Piga- 1. 2.) 


length of 10 to 25 cm. and a width of 3 to 6 cm. The hole is elliptical and 
5 to 12 mm. in longest diameter. The depth is commonly 10 to 25 cm.’^ 

There are many other borings and associated features that may be 
observed in the process of formation on existing beaches. These furnish 
examples of the kind of inconspicuous feature that may be present on 
the surface and in the upper part of ancient sandstone beds. Inorganic 
structures, which Emery (1944:28) calls sand domes,^ commonly form 
over the burrows just described as the rays of sand are being destroyed. 

» Emery (1944: 28) describes the features as follows: 

The domes are initiated by a wave which covers the top of the burrow with a plug of wet 
sand. As^ the next wave washes over the beach, water percolates into the sides of the 
burrow, displacing the air of the hole. Because the cover of wet sand over the hole is 
more or less air-tight, the air becomes slightly compressed. The pressure is released either 
by blowing out part of the cover of sand or by lifting up a dome of sand, and forming 
an air laccolith. ’ Domes formed in this manner commonly range from 1 to 12 cm. i** 
diameter, and 2 to 30 mm. high with a roof thickness of 2 to 30 mm. The next wave which 
washes over the dome usually destroys it. but by truncating it so that the upturned edges 
are bevelled. Where the dome roof consists of several alternating laminae of light and dark 
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A few invertebrates (certain sponges, echinoderms, and mollusks) 

bore holes into solid rock, and if surfaces thus affected are buried the 

bonngs indicate which of the two facing surfaces is the original and which 
the obverse. Certain boring mollusks 

make a flask-shaped cavity,* which 
communicates with the surface by a 
small tubular neck (Fig. 143), and 
Buckland (1842a: 57) has discussed 
how deep, irregularly rounded holes 
were etched into limestone by the 
slime of the common garden snail 
Helix. Echinoids drill holes shaped 
like shallow bowls other organisms 
drill holes that have the shape of a 
downwardly pointed artillery shell* 

(Fig. 144); and certain invertebrates, 
possibly boring sponges, riddle the 
upper few millimeters of some rock 
surfaces ^vith a system of ra mif ying 
tubes and grooves (Fig. 145). If such 
sculptured surfaces were ever encoun¬ 
tered repeatedly in a sedimentary 
series, they should indicate the order 
of succession of the beds 

Ma“„;'rh t 

In answer to a query by the author. Dr. Emery wrote (Nov. 2, 1944): 

to the Caribbean and South Africa iTad f ' m^ 0" ‘^0 . . . 

was interested to find that sand dome^ wa PPortunities to look at beaches and I 

in«iy. I should think traftheyliZ^^^ Accord- 

beach origin. ‘ ^ relatively common in consolidated sandstones of 

* Cox and Dake (1916: 34) state that A C Lawson » h. r 

traces of the cavities made bv horina m.Nii V", 7! • ' * ' for years used the 

certain Tertiary Wtions Such ant V r*"" of 

which increase in diameter downward " \Vhen sth t\^ rock surface 

empty or partly or completely ^ll^ thev i t either 

shown in Fig. 143. top and bottom criteria as 

Bormgs of this nature may be observed on the desert floor of the Cul^e-Sac 


1 ^ 0 . 143.—Molluscati boring and fillings of 
the cavity. A. Vertical tube in solid rock 
made by a boring niollusk. The boring 
enlarges somewhat in the basal part and has 
a rounded bottom. B. Two partial fillings 
of tubes like that in A. Since the boring has 
the characteristic shape shown in A. the top 
or bottom of a layer or of a rock mass con¬ 
taining such tubes can be determined with 
confidence from the enlarged basal part or 
from the rounded end of the partial filling 
11 it has been preserved m situ. Borings 
excavated in solid rock prove that the rock 
was near enough sea level so that the shallow- 
water boring mollusks could attack it For 
Bimilar borings excavated in soft sediments 
e^ntially penecontemporaneously, see Fie 
139. (Arts. 112, 167. 169.) [Adapted from 

School Mxmng MetaHurgy. 2 (4): 34. Figs. 
IJ, l«5.| 
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“fecal pellets,” etc.^ These excreta, being soft and more or less uncon¬ 
solidated at the time of deposition, tend to become cemented to the sub¬ 
stratum during consolidation. When they are buried the layer covering 



Fiq. 144.—Vertical conoidal borings in calcareous bioberms and boulders on the desert 8oor of the 
Cul-de-Sac ^raben in the Dominican Republic. The symmetrical boles penetrate several centimeters 
into solid rock and boulders and literally riddle the exposed .surface of low biohcrmal mounds and knolls 
made by corals and other lime*precipitating organisms. During the late Tertiary, or possibly even more 
recently, the present desert floor, now only a few tens of meters below sea level, was covered by marine 
waters. During thb periotl of submergence numerous organisms built many low biohermal mounds. 
Lat^r, boring animals drilled conoidal holes into the bioherms and also riddled many of the calcareous 
boulders scattered loosely over the bottom. If the fixed bioherms and loose boulders were buried in 
situ, as well they might be in this case, the dow'nwardly directed holes, which probably would be filled 
with sediment similar to that of the covering layer, would p^o^^de an excellent top and bottom feature. 
A. A small area of the desert floor shomng several biohcrmal mounds, pitted by borings, and a few 
scattered boulders. B, A boulder, considerably reduced, showing the typical appearance of a pitted 
surface and incomplete longitudinal sections of three borings along a curved broken surface. A smaller 
coralline fragment is shown in the immediate foreground. (Art. 112.) 

them has groovelike counterparts (Fig. 146), and when the contacting 
layers separate the coprolites adhere to the surface on which they came to 
rest, thus indicating the top of the sequence (Fig. 147). 

Sedimentary strata rich in 

graben in the Dominican Republic, 
about 2 km. south of Dcscubierta 
along the trail around the western 
end of Lago Enriquillo. These 
conical holes penetrate several 
centimeters below the surface of 
low mounds and irregular knolls of 
algal and coralline limestone. In¬ 
asmuch as these mounds are an 
integral part of the solid rock floor, 
now a few tens of meters below sea 
level, it follows that, if the present 
surface were submerged, the borings and their fillings would become criteria for deter¬ 
mining the old erosion surface (Fig. 144). 

‘ Dapples, E. C., 1938, The sedimentational effects of the work of marine scaven¬ 
gers, Am. Jour. Set., (5) 36 : 54-65; Moore, H. B., 1939, Faecal pellets in relation to 
marine deposits, “Recent Marine Sedimente,” Trask, ed., pp. 516-524, American 
Association of Petroleum Geologists. 



Fio. 145,—Calcareous pebble with upper third riddled 
by ramifying borings. The organism that made the 
borings was able to excavate them in hard rock. Many 
calcareous pebbles and large molluscan shells show this 
type of boring. If the majority of such pebbles or shelb 
were so oriented that the riddled surfaces faced in the 
same direction, the indication would be that they were 
buried in situ, hence with the riddled side up. (Art. 
112.) {Skslch is based on specimens collected aiong the 
Jamaican coast.) 
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organic remains and carbonaceous matter, such as the Rhaetic of Europe 
(Fig. 147), the thinly laminated Kokomo limestone of Indiana, and the 


Sand frail s Coprolifes 

~ shale 




'"Prolitcs and aand-BlIcd burrows, sand trails, and similar features 

lnd^a\^r^!^n!,!r t V ® ® because of being cemented to the bottom materials during 

and after consolidation. If the overlying sediment is mud. the laminae may end abruptly against the 

small ndges or arch over them gently. The coprolites and sand trails here shown hate dilr^ltem 
w mor?.^ *(Art"l IsT features commonly attain dimensions as great as 5 cm. (2 in.) 


Green River shale of the western United States, contain many coprolites 
and small concretionary pellets that may have had an excretal origin (Fig. 
124). Some of these pellets may prove useful as top and bottom criteria. 



3.™urfr.M Xer! "■'> 


114. Fucoids. During the past century, especially from about 1840 
to 1910, it was common practice for paleontologists to apply the omnibus 
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term fucoid to indefinite markings of many kinds that they could not 
refer to described genera. The fossils were designated fucoidal because 
of their imagined resemblance to the straplike markings and ridges that 
the common marine alga Fuciis might leave if buried under favorable 
conditions. The same practice since about 1910 has differed only in 
terminology—now the structures are said to be algal. 

Some of the so-called “fucoids” and “algal fossils’^ may have had a 
plant origin, but others were more probably made by animals. A good 
many, however, are probably not organic at all. Clarke (1918; 204) 
interprets Fucoides graphica from the Devonian Portage beds of New 
York as counterparts of ice-crystal impressions, and some fucoidal mark¬ 
ings bear close resemblance to the fillings of incomplete mud cracks (Art. 
119). 

Regardless of their mode of origin, however, certain of these incertae 
sedis “fossils” may be useful as top and bottom criteria if they are studied 
in situ. Whenever found they deserve to be scrutinized before being 
rejected. 

116. Surficial Cracks in Sedimentary Layers and Rock Surfaces.— 
Under certain conditions surficial sediments and the solid rock suiface 
itself become cracked or fissured. The openings thus formed, if filled 
\rith sediment from above, provide an obvious means of determining the 
relative ages of the contacting layers. Local sedimentaiy features 
associated in origin with the cracking phenomenon can also be used in 
some places as top and bottom criteria. 

Cracks and fissures penetrating a layer or a series of layers from the 
surface dowmward may originate as follows: 

1. Shrinkage cracks caused by desiccation and compaction—mud cracks are 
formed in this way. 

2. Crevices produced in the soil by freezing and thawing—so-called “ice cracks” 
observed in cold regions. 

3. Fissures produced dynamically during earthquakes or vulcanism’—these 
openings may or may not be filled immediately and may extend from some layer 
at depth upward, even to the surface, as well as from the surface downward. 
The fillings of such fissures are called “clastic dikes” and are discussed in Arts. 
126 to 128. Certain of the surficial cracks, however, are considered in this 
section. 

4. Cracks, crevices, and fissures produced in the solid rock surface by local weather¬ 
ing and limited erosion along joints and other predetermined planes or zones of 
weakness. Larger weathering and erosional features are described in Arts. 
130 to 132. 


^ Dikes and sill-like bodies of mud are known to have been intruded into loose 
sands in the ♦icinity of mud volcanoes in Trinidad. 
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116. Mud-crack.^ —Desiccation and compaction of water-filled argil¬ 
laceous and calcareous muds produce a system of shrinkage cracks which 
m their typical development, form a network and divide the surface into 
irregular polygonal areas^ (Figs. 148, 156, 158, 162). If these fissures 
remain open while the surface is being buried and persist after the sur¬ 
rounding sediment has hardened to rock, they constitute a tinstworthy 
indicator of the top surface of the layer they penetrate (Fig. 160). On 



the other hand, if they are filled, which is usually the case, and the mud- 
cracked surface is then buried (generally by sediment like that in the 
fillings), the overlying layer when hardened into rock has on its underside 
a network of ridges, the fillings, which are counterparts, or negatives 
of the original cracks (Figs. 148, 149). Not uncommonly the ridged 
undersurface, especiaUy if the bed of which it is a part is sandstone. 


* Also called aun cracks, particularly in the earlier geologic literature, shHnkage 
cr(^ks d^ccattcn cracks, or fissures, etc. In this work mud-crack is used for the 
reticulate pattern produced by shrinkage cracks, and mud crack, unhyphenated, for a 
singlo crGvicc, The plural of the latter is mud cracks. 

• If the layer of mud undergoing cracking lies as an irregular sheet on a rippled or 

otherwise ribbed and corrugated surface, the system of shrinkage cracks that comes 
into existence may reflect the network of ridges on the buried surface. Likewise on 
hS ’’y ice-crystal formation, subsequent mud cracks are 

w ° J i determined by the course of the larger impressions 

[Shaler, Woodworth, and Marbut (1896: 992)]. ^ 
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is a better top and bottom feature than the original mud-cracked surface, 
which may through weathering and erosion be much broken up and the 
cracks, therefore, largely effaced. 

Caution should be exercised in using fillings of mud cracks for top 
and bottom determination until the shape, depth, and other character¬ 
istics of the original cracks have been determined. A thin layer of mud, 
overlain and underlain by sand, is quite likely to be cracked entirely 
through, and the sand filling of the crack may, therefore, adhere to either 
sand bed. Cox and Dake (1910:38-43) have called attention to the 



Fui. 149,—Fillines of limited rnud cracks adhering to the undersurface of the overlying (younger) 
sandstone. Primary and secor>dary cracks arc clearly developed. The Sllings are tabular because the 
original cracks had parallel walls, The relief of the Sllings is the same as the thickness of the mud- 
cracked layer since the cracks wore of the limited iy\)C. The specimen Is from the Rouhidoux sandstone 
of Missouri. (Arts. 116. 117, 119.) [After Cox and Dake. 1916, Bull, Unit. Missouri School J/intnff 
Metallurgy. 2 (4): Plate 1.) 

indeterminate nature of such fillings for top and bottom determination, 
and Bradley (1930:144) has commented in similar vein, as follows: 

Sand-filled mud cracks have been considered a useful aid in determining the 
normal sequence of beds where they are steeply folded and overturned. The 
fact that the sandy casts may make ridges on either the upper or under surface 
of a bed does not exclude them from this use but it does necessitate a careful 
examination of the mud-cracked layer so as to discriminate between the two 
types of ridges. 

See Figs. 148, 149. 

Certain inconspicuous features associated \vith sand fillings in limited 
mud cracks are discussed in Art. 119. 

Mud-cracked beds when Ndewed in transverse section are seen to be 
penetrated by digital extensions of the material constituting the overlying 
layer (Fig. 150). Viewed from above the layer appears to be smooth if 
the cracks are filled \rith an easily fractured mineral (such as calcite) or 
with thinly laminated shale; slightly grooved if the more easily removed 
fillings have been somewhat eroded (Fig. 151); or slightly ribbed b 3 ' 
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Fia. ISO.—Digitate structure along stratification plane in Ordo^cian (Platteville) limestone near 
Kentland, Ind. The thin layers of dolomitic limestone are separated by shale films 10 to 15 mm. 
(about 0.6 in.) thick that are smooth on top but ridged on the underside. The tiny, flangelike ridges, 
which appear os digitate wedges in transverse section, represent the fillings of mud cracks in the lower 
lamina. This structure appears in strata that dip at steep angles and furnishes a reliable top and bottom 
criterion. (Arts. 116, 119.) 



Fio. 151. Top surface of a mud*cracked limestone bed, showing the polygons, somewhat rounded on 
the corners and edges, separated by mud-filled cracks. Both first- and second-order cracks are devel- 
oiicd. The illustration b about one-half natural sbe. (Art. 119.) 
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resistant fillings that rise a few millimeters above the general bedding 
surface. In general the differences in lithology between fillings and 
polygons, together ^\^th the interrelation of the two, should suffice to 
indicate whether the surface being ^dewed is the top of the mud-cracked 
layer. The problem is not so easy, however, if the shale itself has been 
eroded away so that only a fretted surface remains. Such a surface must 
be carefully examined to determine the original relation of fretwork and 
shale (see footnote on page 205 and Art. 119). 

Many investigators have cited mud-crack as a useful top and bottom 
criterion, but there seems to be no record of the first use of the feature for 
this purpose. As early as 1908 Ransome and Calkins (1908:42, 61) 
pointed out how mud cracks in certain Pre-Cambrian clastic formations 
of the Coeur d'Alene district of Idaho could be used to determine that the 
beds were overturned: 

The cracks are in the finer-grained dark layers and are filled in with the slightly 
coarser whitish sand. At this point the beds dip steeply to the south, but the 
cracks are on the northern or under side of the clayey layers, showing that the 
beds are overturned and illustrating a manner in which sun cracks may frequently 
be used to detect an overturn [page 42). 

References to mud cracks in the better known textbooks are cited in 
the table in Chap. I, and additional references are listed in the Bibliogra¬ 
phy constituting Chap. VIII. 

117. Shape and Size .—Mud cracks are straight or variously curved in 
plan, and the polygons bounded by them have rectilinear or curvilinear 
sides. The number of sides ranges from three or four to six or seven, and 
the polygons may be approximately equiradial, much elongated, or of 
some intermediate shape. Many differently shaped polygons commonly 
occur on the same surface wdthin an area of a few square meters (Fig. 152). 

Complete mud cracks are characterized by fissures of first, second, 
third, etc., magnitude that separate the surface of the affected layer into 
polygons of different sizes and shapes (Fig. 153). The negative of such a 
surface has a similar system of angular ridges of different magnitude that 
separate the undersurface of the covering bed into polygonal cells (Fig. 
148). 

If shrinkage is not carried to completion, incomplete mud cracks are 
formed. These are single, bifid, or trifid cracks, typically with lenticular 
cross section, marking the incipient contraction polygons. The negative 
surface of these has angular ridges, similarly disposed, which match the 
incomplete cracks (Fig. 154). Incomplete mud cracks and their counter¬ 
parts are fully as useful for top and bottom determination as completely 
formed cracks. Fenton and Fenton (19375:1918-1923) have described 
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and illustrated examples from the ancient Belt series of western North 
Amenca and from the Silurian Medina of New York, the author has 



Byron dolornitic lime.tono u few rnilc. 
Bouth of Byron. \\ w. Polygons show wide range in shai>e and sue. Primary, secomlary and tertiary 
cracks are all well 8l»own. The upper part of the fillings has been removed, so that the cracks hove the 

parallel-sided grooves. The rule in upper center is 17.5 cm. (7 ill ) long! 

observed them in several Paleozoic formations (Fig. 149), and they are 

kno^vn to have the same wide distribution both areally and stratigraphi- 
cally as complete forms. 

I~ 1 I ) F/ne - grained dolomific limp.sini^f 1 I f 



^ --- im.=37-Hn. - - 

prom.„cnt ooncavi.y, Noto exaggeration ot vertical over horiroat.i acl' (Ar "a.“ 17 1 ,9 ) 

An unusual radiate type of mud-crack was discovered some years ago 
by Dr. I. M. Goldman and was described and illustrated by Kindle 
(1926: 73, Plate III), Dr. Goldman’s photograph is shoum in Fig. 154/1. 
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A 

Courleay of M. I. Goldman 



B C 

Fio. 154. Incomplete mud crack5. A. Radiate mud cracks in bottom sediment of Black Rock play** 
northwestern Nevada. The pencil indicates the scale; it is about 15 cm. (6 in.) long. If presented m * 
rock» these cracks might well be called incomplete mud cracks. B, C. Incomplete mud cracks in 
of the Belt series in the northwestern United States. B. Negatives of incomplete mud cracks (X O.th 
This is the undersurface of a bed, and the sharp-crested discontinuous ridges represent fillings of I ® 
original cracks. C. Incomplete mud cracks(X 0.6)appearing as ragged^walled discontinuous clefts in t * 
upper surface of a layer (c/. with A), (Art. 117.) {A after Goldman in Kindle, 1026. Royal Soc. 

Trans,. 20: 71-75, 3, Ft^. 2. B and C after Fenton and Fenton, 1937, BulLGeoL Soc. Am.. 48: 192V. 

Figs. 6, 7.) 
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The author [Shrock (1940:229-232)] has described well-developed rec¬ 
tangular mud cracks from the Byron dolostone of Wisconsin (Fig. 

156). It is probable, however, that these two types of mud-crack are not 
common. 

Typical mud cracks are rarely more than a few centimeters (1 to 2 in.) 
across but show considerable range in depth (Fig. 158). Cracks of 
microscopic size, possibly formed in the same way as typical mud cracks, 
have been described and illustrated from the Canadian Pre-Cambrian by 
Collins (1925:70, Plate 13.4) (Fig. 157), and gigantic cracks over 3 m. 
(10 ft.) deep have been reported from the Mesozoic Shinarump shale of 
Utah by Gilbert (1877, 1880) (Fig. 159). In their typical development, 

however, their average depth ranges from a few millimeters to a few 
centimeters. 

In rare instances, where favorable conditions persisted for a consider¬ 
able length of time, a system of mud cracks maintained itself through 
repeated sedimentary increments, so that a columnar structure developed 
in the bottom material. Kindle (1914: 35-44) reported columnar struc- * 
ture, supposedly of such origin, from a Silurian limestone in eastern 
Quebec, and Chadwick (1940: 1923) recently called attention to similar 
repeated cracking in New York limestones, referring to the rock as 
“ribbon-banded” and “straticulate.” The columns so produced are as 
much as a meter long (2 to 3 ft.), sho^ving that the polygonal network of 
cracks persisted throughout the time necessary for that thickness of 
calcareous mud to be deposited. The author has observed the same 
columnar structure in a laminated limestone (the so-called “Ribbon 
limestone”) of the Mississippian Windsor series in Nova Scotia. It is 

clearly of mud-crack origin and persists for a depth of at least 10 cm. 

(4 in.). 

The principal cracks, which form first and are the wider and deeper, 

commonly persist horizontally for several meters and may have rather 

marked parallelism with each other. Secondary and tertiary cracks 

usually extend only across the areas outlined by the larger crevices 
(Fig. 158). 

Viewed in transverse section, some mud cracks are seen to have 
parallel sides and a horizontal bottom (Fig. 153), some have a V-shaped 
profile (Fig. 159), and a few have the cross section of a tiny stump (Figs. 
148, 163), Although the cracks are typically confined to a single layer, 
they may transect many thin laminae of several distinct layers, thereby 
producing the columnar structure discussed in a preceding paragraph. 

118. Environment of Formation and Materials The com¬ 

monest sites for mud-crack formation are the bottoms of recently dried-up 
ponds, abandoned river channels, and dried-out flood plains; temporarily 
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exposed playa bottoms, tidal flats, and marine beaches; and the desic¬ 
cated tops of recent mudflows. The surfaces on wliich mud cracks form 


Courtesy of C. ft. Lonfr^ell 






Courlesu of M. I- Goldman 

Fig. 1S5.—Mud cracks. A. Unusually rexular poly^tonal mud cracks in a playa bottom. Note that 
large particles have collected in the cracks. B. Reticulated mud cracks from a playa in northwestern 
Nevada. First-, second-, and third-order cracks are developed. The pencil is about 15 cm. 
long. C. Concave mud-crack polygons in a playa bottom in northwestern Nevada. The pencil » 
about 15 cm. (6 in.) long. As contrasted with A and B, first- and second-order cracks are well deve- 
oped. (Art. 117.) 


are generally flat or gently sloping, though MacCarthy (1922 : 702) 
observed well-developed cracks on a 38® slope of a mud flow. It is 
obvious, therefore, that there is a chance for error in assuming that a 
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given mud-cracked surface was flat or nearly so at the time when the 
cracks formed. 

Mud cracks most commonly develop subaerially,i but shrinkage 
cracks of essentially the same nature can form under water by freezing 
and tha\nng of the bottom sediments, as suggested by Moore (1914:101 
-102), or by substratal drainage and subsequent contraction, as pointed 
out by Twenhofel (1923:64). It is doubtful, however, whether sub- 
aqueously formed mud cracks are common in ancient strata. 

Willard (1925:286-287) reports an unusual, and probably not often 
repeated, formation of incipient mud cracks over water. In the Bad 



A B 

Fio. 156.—.4, B. Rectangular mud cracks on the floor of a quarry in the Silurian Byron doloniitic 
limestone, a few miles south of Byron, Wis. The unusual parallelism of the primary crack.s is inter¬ 
rupted here and there by areas of irregular polygons. These rectangular mud cracks occur on the same 
layer as those shown in Fig. 162 and appear to have developed under ossciUially the same conditions 
The rule m the center of the photographs is 17.5 cm. (7 in.) long. (Art. 116.) 

Lands of South Dakota, ‘Svater holes’" become covered with a thick, 
scumlike deposit of fine mud. While still supported by a few centimeters 
of water, this scum develops a network of shrinkage cracks that outline 
polygonal areas and expose narrow lanes of the underlying w'ater. The 
formation of the mud cracks is described by Willard (1925: 286) as follows: 

As the water beneath the scum gradually sinks into the ground or evaporates, 
the cracking scum settles and becomes stranded upon the creek bed. Further 
desiccation results in the production of the actual cracks along the already 
established lines. Final drying out curls up the layers. 

It is doubtful whether these mud cracks could be differentiated from 
those formed under normal subaerial conditions on a playa bottom. 

> The polygons of mud-cracked surfaces, both in rock and on present-day mud 
flats, arc commonly pitted by the imprints of raindrops and hailstones, impressed with 
the footprints, tracks, and trails of many kinds of animals, and pitted with the tiny 
impressions left by salt crystals that were dissolved before they could be buried They 
may also bear a thin armor of sand grains. 
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Water-filled argillaceous and calcareous muds and silty sands are the 
present-day sediments most often seen ^vith well-developed mud cracks. 
However, Swartz (1927: 70) calls attention to a type of shrinkage crack, 
to which he applies the term mbaerial, that occurs commonly in areas 
“ . . . wherever a damp soil dries or a loosely compacted soil becomes 
more tightly compacted (e.g. compacting of frozen soils after thawing, or 
of a newly filled ground).” Such cracks are not easily destroyed and may 
withstand repeated rains, snows, freezing, and thawng. If it were not 



Courtesy of Geological Survey of Canada 

Fia. 167.—PhotoiTiicrograph (X 20) of banded cherty quartzite from the Pre-Cambrian Cobalt scries of 
Ontario. The section* cut normal to the bedding, shows the upper, very fine-grained silty part of one 
layer overlain by the coarser, sandy basal part of the next layer above. The vertical line of quarU 
grains in the silty la^'er is interpreted as the filling of a fine crack that was open when the overlying aaim 
was being deposited. (Art. 117.) (After Collins, 1925, OeoL Survey Canada Mem., 148:70, 150» 
Plale 13A. A photographic print from CoUins^s original negative, 46452, \cas furnished by iheOeological 
Survey of Canada.) 

for the fact that they are developed in materials likely to be removed by 
long-continued erosion, they would probably be of common occurrence 
in ancient rocks. So far, how’^ever, they do not seem to have been recog¬ 
nized, though there is a possibility that some irregular mud cracks m 
continental deposits are of this type. 

Shales, argillaceous limestones, and silty sandstones are the most 
common mud-cracked rocks, but others have been reported. Cox 
Dake (1916:40, Plate 15) illustrated well-formed shrinkage cracks in 
California asphalt, and Stutzer and No4 (1940:350) report sand- and 
clay-filled shrinkage cracks in coal. These latter, however, do not seem 
to be common; much more common are larger fissures cutting across entire 
coal seams (Arts. 126 to 128). 
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119* Fillings of Mud Cracks .—^lud cracks are filled in several ways 
and \\'ith almost any kind of sediment except coarse sand and gravel. 



Courtesy of U. B. de CerentiUt 

Fio. 168.—A. B. Mud cracks of three apes in flood-deposited silt alonp the reservoir area of Macarao 
Darn near Caracas* Venezuela. The silt layer is about 10 cm. (4 in.) thick, and the widest primary 
crack.s measure 12.5 cm. (5 in.). The cracks developed over a period of <lays. The rule in the center 
foreground is 1 m. long in both pictures. (Arts. 116, 117.) 

Boulders and pebbles, however, may collect in the shallow grooves 
between adjoining polygons as described and illustrated by I.ongwell 
(1928: 142, Fig. 7). Fine sand, silt, and clay are the commonest mate- 



Fio. 159.—Sketch showinR Rroat mud cracks in the Shinarump shale of Utah, backhllcd with sand 
sitnilar to that of the overlying Vermilion sandstone. 


Gilbert (1880:9) describes this occurrence as follows: "On the northern flunk of Mt. ElUworth 
lllenry Mountains of Utah] arc the vestiges of a system of mud-cracks. such a.s form where wet clays are 
dried in the sun. Where the under surface of the Vermilion sandstone is exposed to view, it is seen to be 
marked by a network of ridges which once occupied the sun^racks of the Shinarump clay; and where tho 
clay IS seen in juxtaposition, laiiering fillets of sand can be traced from (he ridges downward ten feet 
into tho clay (Art 117.) Uficr Gilber,. 1877. 1^.5. Oecl. and Oeo,. Surreu HoHu .Vtn.TgSn. 
Mounfatm, Utah, p. 9, Fty. 1.) ^ 


rials. If sedimentation is continuous through the period of filling and 
burial of the mud cracks, the fillings are likely to have the same lithology 
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as the overl 3 dng bed and commonly remain as counterparts on the under¬ 
side of the bed upon its separation from the mud-cracked layer. This is 
particularly true of sandstone counterparts and beds (Fig. 149). If 
fillings and overlying material are laminated shale, the separation plane 
between the mud-cracked and overlying layer'may transect the filling 
where it joins the latter and cause it to remain ^vith the former. This 
usually occasions no difficulty, however, in recognizing which is the 
original mud-cracked surface, because of the difference in lithology shown 
by the fillings and polygons (Fig. 148). 

If the mud-cracked surface is buried in such manner that some of the 
cracks are not filled, the incoming sediment arching over them instead, 
the cavity remaining may be filled later with a secondary mineral. The 
Silurian Kokomo limestone of Indiana and Byron dolomitic limestone of 
Wisconsin contain such cracks filled with calcite (Fig. 160), and the tiny 
calcitic w’edges, ending abruptly upw'ard against the overlying lamina and 
pointing dowmw-ard toward the base of the bed they penetrate, contrast 
sharply with the gray color of the adjacent, fine-grained argillaceous 
limestone. It is probable that at the time w'hen they were formed the 
mud cracks in the above-mentioned limestones w^ere not nearly so wde 
as at present. They seem to have been enlarged by introduction of the 
calcium carbonate, w'hich not only filled the tiny clefts but to some extent 
also penetrated horizontally between the laminae, as shown in Fig. 160. 

The Black River limestone near Kentland, Ind., consists of thin 
limestone beds separated by intercalated shale layers that exhibit 
digitate structure on their undersurface (Fig. 150). The small ridges 
showing this relation are thought to be the fillings of mud cracks; hence 
the layer they penetrate is below them in original order of succesrion. 
Since some of the beds at this locality are vertical and others steeply 
inclined, these digitate structures have been useful in corroborating the 
conclusions about structure d^a^vn from other top and bottom criteria. 

Sand, silt, or clay may be washed or blown into mud cracks, finally 
filling them completely, and may then be succeeded by sediment of 
different nature. The lithology of such a filling usually offers sufficient 
contrast to the surrounding polygons and overlying rock to indicate its 
origin and significance (Fig. 148). These fillings, of course, indicate the 
top of the bed in which they lie unless they are tabular and transect the 
entire thickness of the mud-cracked layer (Fig. 161). Should they appear 
as ridges on the surface of one of two contacting beds—a definite possi¬ 
bility—it should be obvious by their nature and relations that they are 
counterparts of the grooves in the opposing layer, hence that they lie on 
the underside of the layer to which they are attached. 

Camallite is reported by King (1946:14) to fill mud-crack fissures in 
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Fio. 160.—Mud cracks in the Silurian Byron dolomitic limestone of eastern Wisconsin. A. Transverse 
section of bed, showing calcito-filled incomplete njud cracks. It should be noted that the cracks do not 
always extend to the base of the layer containing them. B Upj>er surface of same bed as shown in A. 
In thw view the incomplete cracks appear as discontinous clefts. C. MagniBed view of a small portion 
of A, showing the relations of the incomplete cracks to several contiguous lavers A anH ft ar^ 
reduced (X 0.65). (Arts. 116, 119.) 



Kio. 161. Typical filling of limited mud cracks, showing ridges representing primary and secondary 
cracks. Some of the mud-cracked shale still remains in the cell-liko depressions between the sandstone 
ridgM. The surface could be either t^he underside of the sandstone layer covering the mud-cracked shale 
or the upiwr side of the bed beneath the shale; hence this type of filling is indeterminate for top and 
bottom determination. The scale is 60 mm. (2 in.) long. (Art 119) r‘«P ana 
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a salt clay bed of the Salado formation of New Mexico. The clay bed 
grades rapidly doNTOward into clean solid halite and is succeeded by a 
5-cm. (2-in.) layer of carnallite. I^ing (1946:14) describes the fissures 
and their unusual fillings as follows: 


The fissures [5 cm. or less mde] are restricted to the clayey bed, not extending 
into the underlying halite, and they have the polygonal pattern of mud cracks. 
Carnallite was available for filling mud cracks during and immediately after 
deposition of the salt clay, but thereafter the sediment was halite. The carnallite 



Courtesy of J. H. Afarson 

Fio. 182,—Mud-cracked silt at the mouth of Kanab Creek, Grand Canyon of Arizona, showing Aft*- 
convex, and concave polygons. A, View showing two areas of mud cracking, the lower along the eog 
of the water* the upper on a rock ledge. B. View about at right angles to A (note position of hammer in 
the two views). The cracks appear to have developed almost simultaneously. The polygons on t 
lower level dried concave upward; those on the upper bench, convex upward. Some fiat polygons 
appear in both areas. From thb local variation it should be concluded that the direction of concavi y 
of mud-crack polygons is not a sure indicator of top and bottom. (Art. 116.) 


stringers are therefore interpreted as fillings in mud^cracks at 
deposition. 


the time of 


Under special bottom conditions fragments of fossils and small com¬ 
plete specimens are sometimes washed into mud cracks and later buried 
to make an unusual filling. Such pockets of fossils would have unusual 
interest if no record of the fauna were preserved in the overlying strata. 

The filling of a mud crack tends to have one of two fundamental 
forms, and each form has variations produced by special conditions. 

By far the commonest form is a V-shaped ridge that fits into the crack 
with point do^vnward and usually remains attached to the underside of 
the covering bed upon separation of the layers (Fig. 148). If the filling 
does split along the separation plane, thus remaining in the crack, its 
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doTOward termination n-ithin the bed is sufficient to indicate that it is 
pointed toward the bottom of the layer it penetrates (Fig. 148) This 
feature has been described and illustrated by many authors—Gilbert 
(1880: 9), Thwaites (1912: 53), Tanton (1930 : 74), and others. 

If, in the formation of V-shaped mud cracks, the upper few laminae of 
sediment curl up> slightly at their edges, thus breaking free from the main 
body of the layer for a few millimeters away from the crack, the crack 
Itself flares out at the bottom and the filling then has the profile of a 
dagger or of an I beam irith the top flange cut off (Figs. 148, 163). Such 
fillings are immediately obvious and are reliable indicators of the top or 
bottom direction in a sequence. They are to be expected in series of 
alternating thin shale and sandstone layers. 

If the V-shaped crack penetrates the mud layer to a considerable 
depth, ivithoiit completely transecting it, still a different type of filling 
results, as described and illustrated by Cox and Dake (1916:46-47). 
Such fillings are found well developed in the Wamsutta red-bed sequence 

of the Narragansett Basin, where they are closely associated nith other 
types of fillings (Fig. 163). 

A less common type of filling has a tabular shape and transects the 
shale completely. It is usually composed of sand and terminates both 
below and above against layers of sandstone. Since such fillings may 
remain with either the upper or lower sandstone layer, it is obvious that 
they are indeterminate for top and bottom determination, as pointed out 
by Cox and Dake (1916: 38-46), who based their conclusion on the field 
work of Radcliffe (1913). That tabular fillings can be misleading is well 


I he formation and significance of fiat, convex, and concave iniid-crack polygons 
have been discussed by many writers, and a general survey of the literature on the 
subject indicates that many physical factors arc involved [sec Kindle (1917: 135 - 144 - 
1917c: 910-916; 1923:138; 1926:71-75), Fenton (1918:113-115), Ward (1923- 
308-309), Swartz (1927: 69-70), Longivcll (1928: 136-145), Twcnhofcl (1932- 685^ 

T’ citci’concavc polygons in !h^ 

of conditions, but it was not 

until Kindle (1917: 135-144) published Ids conclusions, based on certain laboratory 

t^penments, that geologists began to discriminate between flat and curved polygons 
Kindle s experimenU showed that mud-crack polygons formed in nonsaline water are 
typjcally concave upward, whereas those formed in saline water remain flat or become 
slightly convex upward. After publication of Kindle’s conclusions, several geologists 
accepted them without comment and interpreted the mud-cracked formations they 
were studying accordmgly. However, Twenhofcl (1932: 686-690) showed that flat 
concave, and convex polygons can all be formed essentially simultaneously on the 
same surface in the same mud and water, a phenomenon that Ward (1923: 308-309) 
had observed and reported several years before Twenhofel’s contribution. Figure 
162 shows the three types of polygons in a mud-cracked silty layer on a rock ledge 
at the mouth of Kanab Creek, Grand Canyon of Arizona. ^ 
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established by the illustration (Fig. 164) of a slab of Roubidoux sandstone 
from Missouri. These should be compared mth the fillings shown in 
Fig. 149. 



Fiq. 163.—Complete and incomplete sand*&lled mud cracks in the Pennsylvanian Wamsutta formation 
of the Norfolk ^Basin, Massachusetts. The complete cracks furnbh no clue as to 
the beds are in normal position, but the several difTerently shaped incomplete cracks are rebablc 
cators of the top of a bed. The lateral and basal flanges of the sand fillings represent materials tos 
into lateral openings caused by slight upward curling of the shale laminae along the original crack. 
the lower left-hand corner of the specimen is a thin sandstone dike that ends upward in the shale. ^ 
main sandstone layer has a thin zone of shale fragments, suggesting that during deposition of the 
thin layer of mud was also deposited, then later cracked and disintegrated, and the fragments mcorp<^ 
rated in the thickening sand. (Arts. 117, 119.) 


If, however, the polygonal plates resulting from “limited mud crack¬ 
ing” [as Cox and Dake (1916:38) designate cracks that extend com¬ 
pletely through a mud layer] become concave upward and are then buned, 
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the shape of the filling should be significant (Fig. 163) and the curvature 
of the concave polygons should be trustworthy.^ 

In cases where the polygons outlined by limited mud cracks remain 
flat rather than becoming concave, the upper few laminae of the shale 



Jia. 164.—I-d ings of limited mud cracka adhering to the lower (older) bed of sandstone (Roiibidoux of 
MiMouri). The shale of the original mud-cracked layer haa been eroded away, leaving the ailings aa 
reticulated tabular ridges. The relief of the present ridges is the same as the thickness of the ori^nal 
mud*crackcd layer aincc the cracka were of the limited type. (Art. 119.) [After Cax arui luta 

Bull. Univ. MiBBouri School Minint, Meialturgy. 2 {i)i42. Phte l7A ' 


may curl a little around the edges so that tiny wedges of the filling 

* Cox and Duke (1916: 48) state: 


In studying the appliralion of the above [i.e., curvature of polygonal to the limited type 
of mud cracks, careful search was mode by means of quarrying off slabs of sandstone in 
nrew where such cracks were known to be abundant, but no print of the upper surface of the 
mud layer was found in place. A study of some 360 specimens, all of which were in place in 
undisturbed beds m localities separated by a nuinl)er of miles, showed 250 cases in which 
the .urfaccs botwoon th» projecting mud crack filling., were flat or slightly concave, about 
1W with well marked concavity, and 10 with a very slight but irregular convexity Theia. 
of course, all represent the original upper surface of the older bed, and the lack of convex 
surface, is corroborative of the view just presented. A large majority of the loose slabs, 
which probably came from the younger or originally overlying bed, showed convex inter¬ 
In further confirmation of this, a number of the slabs with convex inter-crack areas show 
in.nor narrow ndgos, less prominent than the larger ones, which are l)elieved to represent 
the fi lings of small unlunited cracks which did not penetrate the entire thickness of the 
mud layer and which, therefore, mark the original bottom of the overlying younger layer 
A further corroboration may sometimes bo secured by considering the curvature of the thin 
wptao which adhere to the fillings, ond which probably themselves are the filling of the 
horizontal openings Utween successive laminae. Where enough of any septum is preserved 
to show curvature, the curvature has been found to conform to that of the inter-crack area 
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penetrate the shale as do\\'n\vardly slanting frills of the main filling 
(Fig. 163). An additional fact worth noting is that the uppermost part 
of a mud-cracked shale is typically of much finer grain than the remainder 
of the layer, a result of the finest sediment ha\'ing been deposited last. 
These and other inconspicuous details show why it is so important to 
study transverse sections of contiguous layers as well as the bedding 
surfaces. 


Fio. 165.—Curved shale plates in a sandstone layer of the Carboniferous Wamsutta formation a ^ 
Big Pond. Braintree, Mass. At the base of the sand layer one thin mud lamina was fragmen c< 
disturbed; the second cracked into many tiny concave plates that were buried wnth little dwtur ^ 

In the upjwr half of the sand layer the lower, thinner mud layer cracked into prominently 
plates that were not greatly disturbed on being buried. The upper mud layer was diWded . 
polygons by limited cracks. The polygons thus formed remained flat and were buried in that con 
(C/ with Fig. 166.) (Arts. 120, 144.) 

120, Curved Shale Plates in Sandstones .—If a few centimeters of mud 
or silt are deposited on a sand layer and then uncovered and exposed to 
the air so that the sediment can dry out and crack completely through, 
the polygonal plates are very likely to become concave by curling up 
aroimd their peripheries. Since these concave plates are fairly strong, 
they are likely to be buried \\ithout much fragmentation or disturbance, 
for the incoming sediment can be deposited under the upturned edges to 

form a support. ^ 

Such concave shale plates are common in the Wamsutta red beds o 
the Narragansett Basin (Figs. 148, 165, 166), and the original mud layer 
from which they came is believed to have been broken up in the manner 
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just described. In some beds the original mud layer was deposited on a 
surface of wave-rippled sand, and the 
crests of the ripples localized the 
mud cracks so that the resulting poly¬ 
gons not only started with an initial 
concavity but also had prismatic 
shapes (Fig. 166). In vertical or 
steeply inclined beds a zone or single 
layer of curved shale plates, all con¬ 
cave in the same direction, can be a 
very useful top and bottom indicator, 
for the plates on the true surface are 
disposed concavely upward. If, on 
the other hand, a zone of such 
curved plates shows much disturb¬ 
ance, with plates and their fragments 
variously oriented, it is not likely 
that the arrangement of the plates 
has top and bottom significance. It 
should be pointed out in this con¬ 
nection that, if the plates are convex 
upward, and unsupported at the 
time of burial, they are almost 
certain to collapse because of the 
weight of the overlying .sediment 
(Fig. 148). 

A further refinement of the above-described feature has been observed 



Fia. 166.—Curved and flat shale chips in 
sandstone layers of the Carboniferous 
Wamsutta formation along Big Pond, 
Braintree, Maas, Tho prominent curved 
plates are part of a thin mud layer originally 
deposited on a gently rippled surface. The 
primary cracks formed along the crests of the 
ripples. The gently concave mud plates in 
the troughs, turning up somewhat along their 
edges, developed more pronounced con¬ 
cavity and were buried by fine sand with 
little disturbance. The second mud layer, 
which was somewhat thicker, developed only 
slightly curved polygons. (C/. with'I-'ig. 165.) 
The square outlined at the base is 50 mm. 
(2 in ) on each side. (Arts. 120, 144.) 



>« »halo chips resulting from mud cracking. In the two shale lavei 
shown the finer sediment is at the top and tho coarser at tho bottom regardless of whether the chiiw are flo 
or curved. A. A shale layer, which when cracked entirely through, was cither too thick or too quick! 
buried for tho individual polygons to curl. B. A thinner layer in which some polygons are flat, som 
convex and some concave (C/. with Fig. 162). This criterion must be used with caution, for cases hav 
been cited where polygons curved in a certain way have the finer material in tho ba.<ial part. (Art. 120 
{Sketch bae^ on m^^rackedlauero in the Wameutta formatum o/Carboniferoue age south of the Blue flil'l 
in eastern Massachusetts. The cracked layers are seldom more than 2 or 3 cm. (1 m. or so) lAic*.) 


in some rocks. A sand surface, made gently rolling by eroded wave- 
ripple ridges, was covered with the silt and clay deposited from a single 
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influx of mud. The finest sediment, being deposited last, came to rest on 
the concave surface of the curved trough deposit (Fig. 167). The 
argillaceous lamina thus deposited should have the coarsest material at 
the base and the finest at the top. The same textural gradation should 
hold for curved shale plates deposited originally as mud on a sand surface. 
It does not matter in this regard whether the polygons are flat, convex, or 
concave, so long as they have not been disturbed. ‘ 

121. Intraformational Sharpsione Layers (Breccias).^ —If the plates of 
a mud-cracked layer are subjected to fragmentation followed by some 
erosion and transportation before burial, they Nvill be rounded to some 
extent. If deposited with variable orientation, they constitute one type 
of intraformational sharpstone conglomerate, or breccia (Fig. 168). 
This kind of deposit is not likely to have any common characteristic 
indicating top or bottom. 

If, however, the mud cracks do not extend to the base of the bed, so 
that only the upper laminae are disturbed, the rounded and angular 
platelets and chips are strewm over the source layer and may be embedded 
in the comminuted sediment derived from the underlayer or in the mate¬ 
rial brought in by the disrupting currents. Such a deposit, if it can be 
proved to have originated in the manner just described, can be used as a 
top and bottom criterion. It may, how’ever, be indistinguishable from a 
similar-appearing breccia at the base of a shale layer. Its use as a crite¬ 
rion, therefore, depends on whether or not its origin and sedimentational 
significance can be determined. 

122. Shale Disks and Plates in Sandstone. —A thin mud-cracked layer 
may be so extensively disrupted and eroded that only a few plates escape 
disintegration, and these are rounded into flat discoidal pebbles. Most 
of them are likely to be deposited with the plane of the two larger dimen¬ 
sions parallel to the bedding surface. Many such flat shale and mudstone 
pebbles are present in shallow’-w'ater and continental sandstones, partic¬ 
ularly those associated ^vith coal beds. They are not in themselves of any 
use as top and bottom criteria, although they do determine bedding m 
massive sandstone deposits (Art. 9). However, if the rock in which they 
lie is folded intensely, the argillaceous plates develop cleavage showing 
the top or bottom of the bed (Fig. 388), where this could not have been 
determined otherwise. 


> Seemingly this generalization does not always hold, for J. H. Maxson * 

author as follows concerning photographs of curved polygons {May 16, 1946): 1 * 
concave mud crack chips of the other photograph showed increase in grain size from 
top to bottom, whereas the convex chips showed a reverse gradation.” 

* For further discussion of intraformational conglomerates see Walcott (1594- 
191-198) and Hyde (1908: 400-408). 
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123. Summary of Mud Craa's.-^'-shaped mud cracks and their 
tilhngs are reliable top and bottom features if used uith discrimination 
and ^v^th an understanding of their limitations. Limited (parallel-sided) 
mud cracks and their fillings are indeterminate, but certain detailed 
structures associated ^viih them may be useful. Curved plates of mud- 
cracked shale are likely to be fairly reliable indicators of top and bottom, 

especially if they are derived from a layer representing a single influx of 

mud. 



conRlomerate in the Upper Cambrian limeatone at the RorRo 
east of St. Albans. Vt. The randomly oriented plates of limestone are embedded in a matrix of fuirlv 
coarse quartz sand ^at was washed and blown into the late Cambrian sea from the Adirondack land 

indSated^bvTh 7^^ fragments were clearly derived from the underlying ihin-lwddcd limestone, as 
indicated by the relations along the base, where a few laminae are turned up js thoiich from mud 
cracking. Current action probably was partly responsible for shingling some of the fragments and 
arranging others ^ntially parallel to the stratification. Strong currents, acting on a inud-^racked 
bottom, are thought to have torn up the top layers of the substratum and then mixed the fragments with 
the sand they were brining into the sea. The layer is about 1.5 m. (4.9 ft.) thick. The individual 
laminae average slightly less than 25 mm. (1 in.) in thickness. (Art. 121.) inaivmual 


Mud-cracked layers have been reported from sedimentary rocks of all 
ages, but the literature describing them is much too voluminous to list 
here. The use of mud cracks as a top and bottom criterion is mentioned 
by all authors of textbooks on structural geology and sedimentation and 
by many others, but by far the most comprehensive discussion is that of 
Cox and Dake (1916: 37-50), to which every interested investigator will 
wish to turn [see also Fenton and Fenton (19375; 1918-1923)]. Another 
body of literature deals mth the formation of present-day mud cracks 
This is summarized by Kindle (1917a: 135-144; 1917c: 905-916; 1926: 71- 
75), Kindle and Cole (1938: 278-283), and Twenhofel (1932: 685-692). 

124. False Mud Cracks.— There are almost certainly a few systems 
of cracks in sedimentary rocks that normally would be mistaken for mud 
cracks if their origin were not kno^^^l. A case in point is described 
by Bell (1921: 160) from the Horton formation of Nova Scotia as follows: 

An ejrtraordinary feature presented by these beds [Upper Horton] on their 
exposed bedding surfaces is a polygonal system of cracking that might readily be 
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mistaken for true sun-cracking [= mud cracking]. Careful inspection, however, 
reveals the presence of carbonaceous traces of a dichotomously branching system 
of rootlets, and not uncommon association with casts of upright tree stems, 
denoting clearly that they are fossil soils. . . . 

. . . the pseudo filling [of a crack] varies from 3 to 30 mm. in width and the 
intervening polygons are commonly about 25 cm. in diameter. 

Another type of ridge that might be mistaken for the sand coun¬ 
terpart of a mud crack, except that it lies on the upper side of the layer, is 



Fio. 169.—Frost cracks in surface sediments near Cambridge, England. A. Transverse 
fully developed crack, showing central unstratified filling, stratified lining layer, and boriion / 
stratified sands and gravels slightly distorted adjacent to the crack, B. Longitudinal section of 
C. Ground plan of frost cracks in partly excavated pit. (Art. 126.) {Modified ojter Patertoni * 
Qeol, Soe. London Quart. Jour., 96: 102^105, Fig$. 4-^.) 

described by Bell (1929: 34) from the same Horton formation mentioned 
in the preceding paragraph. 

The surface of certain thin quartzite beds overlain by argillaceous beds have 
large, fucoidal-like, raised casts of organic origin resembling branching fucoids and 
from 10 to 15 mm. in diameter. The branching is dichotomous, and it is possible 
that these may represent branching roots. . . . 

126. Frost and Ice Cracks. —Soils and surficial rocks in certain 
cold regions of the earth are deformed and riven by frost action (Art. 
103),^ with formation of V-shaped fissures that are meters wide, deep, an 
long. Later, the openings are backfilled by slumped material or by water- 
and ^vind-transported sediment. Such fissures have been described by 
Paterson (1940: 99-130) from glacial drift in England and Baffin Bay, 
Canada, and they may be expected in ancient regoliths, particularly 
tillstones and lithified soil beds known to have been formed in co 
environments (Fig. 169). 

* See Bryan (1946: 168; 1946a) for a comprehensive treatment of frost action 
the structural features of frozen ground; see also Art. 103. 
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Berkey and Hyde (1911:226, Figs. 4, 5) describe and illustrate 
V-shaped cracks that developed during the arching of a frozen sand layer. 
The cracks are on the convex side of the arch and are filled \vith sand of 
coarser texture that slumped into the crevices. 

Williams (1936:129-132) has described an unusual comple.x of 
cracks developed by frost action in flat-lying, thin-bedded Ordovician 
limestones in Ontario. He calls these “frost circles” and points out that 
they form where major joints cross at right angles. A detailed descrip- 
tion and explanation are given in the footnote* (Fig. 170). 



Flo. 170. 6k6tch plan of frost circles on Clocho Peninsula Lalcp Humn ‘TBn mi .mi • « • l 
complete with numerous major and minor cracks. Thre fiirdrcl^ ar; dlvcloTiii in Ztl 

if Ur^Mtono'W Ordovician limestone. The circumferences consist of T low"r^ 

efrST fArt.^126^ o'***- limestone ouuidc the 

circle, (Arte 126.) (Alodtfied after 1036, Royal Soe. Canada Trans,, 30: 130, Fto. 1.) 

Sharpe (1938:35-39, Fig. 5) mentions the polygonal networks of 
stones that gather into cracks in the soils of polar regions, and Conrad 
(1946: 277-296) in a recent article gives an excellent description of the 
nature and mode of formation of these interesting features. The proba- 

T'k developed in the upper layer of a thin-bedded limestone. 

The layer has a thickness of 75 to 125 mm. (3 to 5 in.) and in being separated from 

fragmented in roughly circular areas 

diameter of Williams (1936: 131-132), have an average 

. . . about 20 feet, but some are aa small as 16 feet in diameter, and some as large as 24 feet 
The circumferences consist of blocks of limestone some 6 inches thick and varying in size 
and shape, but averaging from 6 to 14 inches to the side, which have been forced radially 
outward against and over the blocks outside the circle. Thus the rim is raised about 
I foot a^ve the general level. Some of the circles touch, but we did not observe any that 
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bility of their being presented is essentially nil, but if found in an ancient 
formation they would no doubt be a puzzle to both sedimentationist and 
structural geologist. 

126. Cracks Filled with Clastic Dikes. —Many sedimentary 
formations contain tabular bodies of clastic material transecting the 
bedding at various angles. These intmding bodies, usually referred to 
as clastic dikes by analogy wth igneous dikes, represent extraneous 
materials that have invaded the containing formation along cracks either 
from below or from above. If the dike can be sho\^^l to have been 
intruded from one direction or another, its relationship to the containing 



Fia. 171.—Diagram showing origin an<i stratigraphic relationships of clastic dikes composed of materiaU 
injected into superjacent beds from an underlying source bed. It should be noted that some of the 
fissures broke through to the surface so that the clastic materials were actually erupted onto the surface* 
a phenomenon often observed during earthquakes* Later erosion removed the surficially ejected 
sediment, and the dike itself was truncated and then covered by later bods. Some of the fissures deveb 
oped only in the lower part of the overlying bed, so that the dikes did not reach the original surface and 
have not yet been exposed by erosion. If the dikes cannot actually be seen rising out of the source bed* 
several means are available for establishing that the clastic material did come from below rather than 
from above. The laminae around the largest of the dikes have been noticeably upthrust, showing 
clearly that the sand was forcibly injected from below, (Arts. 126, 127.) 

' rock provides a criterion for determining the top or bottom of that rock 
at the time when the crack formed. 

There are two quite different types of clastic dikes if genesis be con¬ 
sidered: (1) those formed by intrusion of clastic or fluid material derived 
from some underlying source layer and emplaced under abnormal pres¬ 
sure and (2) those formed by introduction of material from above, either 
under some pressure or by simple filling of a preexisting crack or crevice. 
The first type can usually be genetically related to some underlying source 
and commonly shows internal and marginal structures that indicate 
injection under pressure (Art. 127; Fig. 171). Dikes of the second type 
can usually be identified by the undisturbed wall of the crack, internal 
stratification, foreign nature of constituent materials, and other features 
discussed in Art. 128 (Fig. 171). 

Clastic-dike materials consist of asphalt, bituminous sand, coal, 
gravel, sand, silt, clay, and calcareous materials. Under favorable con- 
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ditions probably any unconsolidated or easily deformed material could 
invade a crack and solidify to form a clastic dike. Rocks containing 
dike materials intruded from below are usually of sedimentary origin but 
may be igneous if in the form of thin flows [Campbell (1904:135-138)]. 
Cracks filled with dike materials introduced from overlying beds or from 
the surface may occur in any kind of rock and originate in many ways. 

127. Clastic Dikes Formed by Substratal Intrusion .—Clastic materials, 
if they contain enough water or petroleum to have the property of a 
fluid, can be injected from below into a fractured formation if there is 
sufficient pressure.^ The pressure necessary^may arise from the load of 



Fio. 172. Ancient clastic dikes. A. DiaKtani of an exposure near Santa Cruz. Calif., showinir Miocene 

shale cut by a thin sandstone dike that terminates abruptly at the erosion plane truncating the shale. 

The sand of the dike is totally unlike that in the overlying Pleistocene material and could not have been 

derived from it. Hence it represents a pregravcl stage of sand emplacement. The walls of the crevice 

are straight and clean. (Arts. 127. 128.) {ModiAed after Newsom. 1903, Bull. Geol. Soc. Am., 14: 250, 

/-W. 18.) B. Sandstone dike cutting the Niobrara limestone of the Kansas Cretaceous The dike 

appear to have formed when a crack opened in the limestone and sand from the underlying formation 

wan injected into the opening. (Art. 127.) (ModiAed after McMillan. 1931. Bull. A m. Aseoc. Petroleum 
utolog%8(8p 15: 1.) 

the overlying bed, it may be accumulated gas pressure, or it may be 
hydrostatic pressure. The fracture can result from shrinkage in the 
invaded materials, apparently a common phenomenon in coal and mud 
[Price and Lucke (1942:601-616)]; from shear and tension during an 
earthquake shock;^ or from fracturing associated with folding and 

* An unusual clastic dike composed of sedimentary fragments in an igneous matrix 
has been reported from the Tintic district of Utah by Fannin (1934; 356-370) 
who called the features “pebble dikes” and concluded that [the fragments) “were 
broken from underlying formations by fluids of magmatic origin and were injected 
upward into the country rock.” Fairbaim and Uobson (1944: 33) consider certain 
of the Sudbury breccias to have had a similar origin. 

Bloomer (1947:48-51) recently described an unusual clastic dike formed during 
the folding of Ordovician rocks in Virginia. Younger Chazy shale was intruded into 
older Beekmantown limestone on the underside of an overturned fold. If the usual 
rule were followed in this example, i.e., that the intruding material is older than 
the rock intruded, the conclusion that the beds are right side up would be wrong. 

* Many writers, describing phenomena observed during an earthquake, mention 
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faulting or some similar earth movement such as landsliding. When the 
crack forms, water or petroleum laden ^^ith clastic material is forced 
upward, and in some cases laterally, into the fractured material. Later, 
when the water flows out or the petroleum becomes asphalt, the solid 
materials left behind constitute the tabular mass that is called a clastic 
dike (Fig. 172). 

If strata transected by dikes of clastic materials should later be folded 
or faulted into steeply inclined attitudes, the bottom of the beds could be 
determined if it could first be demonstrated that the dike material came 
from below and from only Sne direction (Fig. 172). 

Clastic dikes of the type just described have been reported from many 
formations in the geologic column and are known to exist the world over. 
A few examples will suSice to show the range in size, constituent mate¬ 
rials, age, and distribution of this type of clastic dike. References to 
many other occurrences mil be found in the wTitings of the authors cited 
in the footnote.^ 

Clastic dikes of the kind being discussed are usually composed of sand, 
though Campbell (1904:135-138) reported conglomerate dikes cutting a 
Cretaceous andesitic flow in Arizona, and many WTiters have described 
clay dikes in coal [Gresley (1898:35-58); Ashley (1899); Price (1933:1527- 

how the ground was rent by fissures from which waters laden with sand and mud 
flowed or spouted forth. Cases are recorded where the fissures later closed or were 
choked with sediment injected into them from below or washed and blown into them 
from above. Landslips and avalanches commonly accompany earthquakes, forming 
gaping crevices on slopes and diverting drainage into newly formed cracks at lower 
levels. Many of the clastic dikes so far described have been explained as materials 
injected into overlying beds during an earthquake (Art. 127). 

Granular materials such as sand and gravel cannot flow within beds unless the 
particles are separated by liquid to such an extent that they no longer interlock, 
whereupon the mass behaves as a fluid rather than as a solid. Inasmuch as many 
clastic dikes were clearly injected from below under high pressure, it follows that the 
material flowed as just described. Prof. W. J. Mead has suggested to the author that 
conditions favorable for such flow are commonly produced during an earthquake. 
The successive S and P waves deform the sand, forcing it first into loose packing, then 
into close packing. In the latter condition interstitial water is released under pres¬ 
sure and forced upward into any existing fractures, carrying sand and silt with it. 
If the source bed is then changed to a loosely packed condition or sheared, the water 
just ejected may be drawn back into the sand, but the material injected into the 
fracture will remain there, for under these conditions it cannot flow downward. 

^ Diller (1890: 411-442); Hay (1892: 50-55); Clarke (1900: 96-98); Grabau (1900: 
357-361); Hartnagel (1903: 1138-1139); McCallie (1903: 199-202); Newsom (1903: 
227-268); Glenn (1904:522); Campbell (1904:135-138); Eldridge (1906:437-144); 
Jenkins (19256: 244-245); RusseU (1927: 402-408); Williams (1927: 153-174); Croneis 
(1930:132-133); McMillan (1931: 843); Kelsey and Denton (1932:139-148); Parker 
(1930:131-136; 1933: 38-51); Kugler (1938: 297-299); Uhee (1941: 74-75). 
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1533); Roe (1934:115); Stutzer and No^ (1940:357-358)]. Eldridge 
(1906: 437-444) has described veins composed of asphalt that was forced 
into cracks at considerable depths, and Kugler (1938: 298) has reported 
oil-soaked sandstone dikes in Trinidad over 3 m. (10 ft.) thick that 

. . . carry edge-worn pieces of fossiliferous rock derived from beds strati- 
graphically several hundred feet below. In other parts of Trinidad, clay and silt 
dykes are proved by their foraminiferal assemblages to be derived from beds 
which occur stratigraphically as much as 5,000 feet deeper. 

Kugler thinks the materials in these dikes may have been intruded 
under great gas pressure. 

An unusual kind of clastic dike was recently reported from the Picka¬ 
way member of the Mississippian Greenbrier limestone of West Virginia. 
This hmestone has a \ridespread system of subparallel cracks normal to 
bedding that are filled ^vith siliceous and argillaceous clastic sediment. 
The cracks are thought by Price and Lucke (1942: 601-616) to be the 
result of prelithification induced by compaction. The materials of the 
filling are supposed to have been intnided into the cracks from inter¬ 
calated and underlying beds. The clastic bodies seem to be similar to 
the clay dikes that Eardley (1938: 1339-1340) has reported to be forming 
in 3-m.-deep cracks in the impure calcareous muds of Great Salt Lake in 
Utah. 

Sandstone dikes were noticed by many of the earlier American geolo¬ 
gists and have been found cutting many kinds of rock ranging in age from 
Pre-Cambrian to Pleistocene. Diller (1890:411-442) was one of the 
first of the late nineteenth-century geologists to describe sandstone dikes, 
which cut Cretaceous shale in the Sacramento Valley of California, and 
he related them to Tertiary mountain building. His paper was followed, 
during the next 15 years, by a number of articles describing sandstone 
dikes in localities scattered widely over the United States. Hay (1892:50- 
55) reported such dikes from the White River beds of Nebraska; New¬ 
som (1903:227-268) described dikes of bituminous sand in California 
Miocene shales (Fig. 173); McCallie (1903: 199-202) reported Cretaceous 
moUuscan sandstone dikes cutting Cretaceous clays in Georgia; and 
Glenn (1904: 522) reported sandstone dikes in the basal Eocene clay of 
Tennessee. More recently Russell (1927: 402-408) pointed out that the 
material of sandstone dikes cutting the Mowry shale of South Dakota 
was injected from the underljdng Fall River sandstone; Williams (1927: 
153-174) found pre-Fox dikes cutting the Upper Cretaceous Belly River 
and Bearpaw formations in Alberta; Croneis (1930:132-133) mentioned 
sandstone dikes that deformed the wall of shaly sandstone for more than 
a meter on both sides of the dike, in the Pennsylvanian Atoka sandstone 
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of Arkansas; McMillan (1931:842-843) reported a dike cutting the 
Cretaceous Ft. Hays limestone of Kansas (Fig. 172B); and Parker 
(1930: 131-136; 1933:38-51) described clastic dikes and plugs injected 
into early Mesozoic sandstone in New Mexico. An unusual clastic dike 
intnided from younger into older rocks during folding was recently 
described by Bloomer (1947: 48-51). A fuller description will be found 
in the footnote on page 213. 

Stainbrook (1945: 147-157) recently described an unusual type of 
substratal intrusion involving Devonian strata of Iowa. The Independ¬ 
ence shale, normally underlying the Cedar Valley limestone, occurs as 



Fig. 173.—Clastic dikes of bituminous sand intruded into Miocene diatomaceous shale from below. 
The expwure. which is near-Santa Cruz. Calif., U about 16 m. (50 ft.) hi(th. and the man standing to the 
left of the vertical dike near its base gives the general scale of magnitude of the features. (Art, 127.) 
{Modified after Neireom, 1903, Bull. Geol. Soc. Am.. 14: 239. Fiff. 9.) 

much deformed fillings in joints, crevices, and solution chambers of the 
limestone. According to Stainbrook the shale was forced upward into the 
openings because of the pressure exerted on the plastic material by the 
weight of the overlying sedimentary rock. 

Some of the dikes mentioned in preceding paragraphs are ascribed 
by the observers to injections caused by the weight of the superincum¬ 
bent beds or by earthquake shocks. Others, however, seem to be geneti¬ 
cally related to folds and faults, and the original fractures may have been 
contemporaneous with the regional deformation. 

As evidence that the dike materials w'ere forcibly injected from imder- 
lying formations, Campbell (1904; 135-138) identified dike boulders that 
came from an earlier conglomerate beneath the invaded andesite flow; 
Newsom (1904:233 jf.), Williams (1927: 153-174), and Croneis (1930: 
132—133) cited contorted wall materials as indicating injection under pres¬ 
sure; Stainbrook (1945, Fig. 6) show'ed “flow lines” in masses of injected 
shale; and Diller (1890: 425) reported that mica flakes and shale plates 
in the peripheral part of some dikes are oriented parallel to the wall. 
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Glen (1904: 522) and Kugler (1938: 297-299), among others, used 

fossils to determine the source of the dike material and to demonstrate 

that It had been injected from below. Meek (1928: 271-277) and later 

Kelsey and Denton (1932: 139-148), used heavy accessory minerals tor 
the same purpose. 

In summary, it may be stated that if the materials of a clastic dike 
can be proved to have been injected from an underlying source, the 
relations of dike and intruded rock should suffice for top and bottom 
determination of the latter. 

128. Clastic Dikes Formed by Filling of Surface Fissures.—A second 
type of clastic dike results from the filling of a crevice or fissure open to 
the surface. The material washed, blown, or otherwise brought into the 
opening is likely to exhibit considerable range in composition and texture 
The walls of such dikes do not exhibit the deformation commonly 
observed along dike materials injected from below, and the fissures them¬ 
selves may end doivnward in a formation rather than transect several 
formations as is common mth injected dikes (Art. 127). If the dike ends 
upward against an unconformity, it may be the only sedimentary record 
of a certain interval of geologic time (Figs. 171, 172), inasmuch as the 
surface deposit from which its materials were derived was swept away 
before the overlying sediment was deposited. 

Surface cracks, crevices, and fissures originate in many ways Here 

we shall consider only a few in which the filling has the general shape and 

relations of the familiar igneous dikes. Most of these seem to have had 

an origin related to some sort of earth movement. Crevices and fillings 

of other types common along unconformities are discussed in Arts 130 
and 132. 

Geologic literature contains many references to clastic dikes formed by 
subaerial or subaqueous filling of surface openings. Cross (1894:225- 
^0) was one of the first American geologists to report dikes of this sort 
He described sandstone dikes as much as 300 m. \ride filling crevices in 
granite in the Pikes Peak region and concluded (page 225) that “ 

fissures under great pressure." Collins 
(1925: 35) found apophyses of arkose and argillite extending do™ward 
into granite, filling depressions that probably represent cracks in the pre-' 
Huron.an surface Newsom (1903:253, Fig. 19), many years before, 
had described and illustrated a somewhat similar example where sand¬ 
stone dikes penetrate a basalt basement along joints that were enlarged 
by solution (Fig. 174). ® 

Case (1895: 248-254) ascribed mud and sand dikes of the Oligocene 
White River formation to injection from below under hydrostatic pres¬ 
sure, but Lawler (1923: 160-172) more recently showed that the dike 
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materials came from the surrounding and higher formations and represent 
fillings made in crevices open to the surface. Clarke (1900:95-98) 
described and illustrated an unusual sandstone dike in the Silurian 
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Fio. 174.—Sand*filled crevice in basalt. Diagram of sandstone crevice fillings in basalt near Stanford 
University, California. The dikes, or fillings, which arc only a few millimeters thick as a rule, extend 
downward into the basalt as much as 8 m. (25 ft.). The sand constituting them is similar to the material 
of the overlying layer and was introduced from the surface. The crevices may represent joints formed 
by cooling of the basalt (see Fig. 348). It is probable that the original openings were widened to some 
extent by subsequent weathering and erosion. (Art. 128.) (Modified after Newtom. 1903, Bull. Oeol 
Soc. Am., 14: 253, Fin. 19.) 

Manlius formation of New York that extends dowward into but not 
through that limestone from the unconformity between it and the over- 
lying Devonian Onondaga limestone (Fig. 175). Grabau (1900:357- 
361) concluded that the formation of the fissure and violent injection of 



Fio. 176.—Unusual clastic sand dikes in the Silurian Manlius limestone of New York. The diagram 
shows the irregular nature of the fissure walls and the lateral apophyses in the lower part of the 
dike. The apophyses are essentially parallel to the bedding. The dikes ramify through the cement 
rock but do not seem to transect it. The sand is supposed to have been forced into the fissures from 
above, and it is to be noted that small pockets of sand lie along the unconformity between the Devonian 
and Silurian formations. The sand of the dikes and of the dbconnected pockets is identical and is cem- 
sidered to represent Oriskany (Devonian) time, for elsewhere that formation intervenes *’«**““,**!- 
Onondaga limestone of the Devonian and the Manlius of the Silurian, (Art. 128.) (Adapt^ /r® 
ekeichea by Clarke, 1900, N.Y. Slate Mue. Mem., 8:97, and Grahau, 1901, BuU. N.Y.StateMue.,^^' ** ’ 
Fig. 24.) 

sand from above took place almost simultaneously, possibly as a result 
of an earthquake shock. Sand similar to that in the dike lies in scattered 
pits along the unconformity, showing that the dike was formed while the 
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ManUus was covered mth quartz sand, most of which was later swept 

away before deposition of the overlying Onondaga limestone (Fie 175) 

Clarke (1907: 293-294) described another sandstone dike associated ;\ith 

the bilunan-Devoman unconformity in eastern Quebec. During the 

erosion of the Silurian limestone, which now stands vertically in Port 

Daniel Bay, some of the sand being swept across the surface sifted into 

calcite-Uned cavities in the limestone, which evidently were not there 

when the Umestone was deposited. The sand is different from the over- 

lying Bonaventure elastics (Devonian-Carboniferous) and seemingly 

represents all that remains in the region of an ephemeral precursor of the 

Bonaventure. The sand itself shows pronounced stratification in the 
hourglass-shaped cavity. 

Jenkins (1925:202; 1925a: 12; 19255:234-246) has described clastic 
dikes from eastern Washington that fill cracks in both sediments and 
basalt. The dike materials are gravel, sand, silt, clay, and dust Some 
of the cracks they fill are thought to be the effect of earthquake shocks. 
Kramer (1934: 193-196) reports dolomite dikes in the Texas Permian 
Merkel formation and points out that the dike material was introduced 
into a crack from the surface. Ashley (1899:58) described and illus¬ 
trated a thin irregular layer of detrital coal along an erosion surface ivith a! 
joint in the underlying shale filled with an extension of the layer (Fie. 
176). I^ruger (1938:305-307) much later reported a clastic dike of 
glacial debns cutting granite, and Fackler (1941: 550-556) found clastic 
materials filling deep crevices in Keweenawan lavas of Minnesota. 

... unusual examples of surface cracks was reported from 

Mississippi by Monroe (1932:214-215), who stated that the cracks 
formed in surficial exposures of the Jacksonian Yazoo clay and persisted 
for more than 5 years. Some observers have suggested that the cracks 
were formed dunng an earthquake, but inasmuch as no such disturbance 
has occurred in the region within recent times Monroe rejects this expla¬ 
nation and suggests that they were formed by subsoil creep 

50 2 m. (6 ft.) deep, and 

a low ridge 30 to 45 cm. (1 to VA 
ft.) high and 60 cm. to 1 m. (2 to 3 ft.) ivide on the downslope side of the 
crack. This ndge, which has the appearance of a tiny fault scarp, is 
much steeper on the side next to the crack. In time the ridge vnW proba- 
bly (hsappear, but the crack might well be filled ^yiih foreign sediment, 
the filling would then become a permanent feature of the rock 

fl9ol [see Newsom 

(1903_ 252-268). Jenkins (19255: 244-245), and Williams (1927: 164-174) 

nature variation in the 

ture of clastic dikes and the fillings of surface cracks and fissures. 
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In summarizing the general subject of clastic dikes, we can hardly 
improve on Jenkins (19256: 246), who states: 

It appears, then, that in every case fissures are first formed and then frag¬ 
mented materials are dropped, washed, or pressed into them, from above, below, 
or from the sides. This action has taken place at the surface in open fissures; 
under water in fissures on the bed of the sea or other bodies of water; and also far 
below the surface of the earth in consolidated rocks. The filling from below has 
come about by pressure of some sort, in some cases undoubtedly hydrostatic. 

After severe earthquakes, mud-craters are not infrequent near active faults, 
and this filling of mud in the neck of the miniature crater is nothing more or less 
than a clastic dike. Some of the most extensive sandstone dikes are located near 

faults. Earthquakes caused by faulting, 
or the slipping of consolidated rocks, crack 
the surface rocks and then the cracks are 
filled with clastic materials. 

Two general statements can be 
made concerning the use of clastic 
dikes as top and bottom criteria. 
If the material of the dike can be 
shown to have been introduced from 
some buried source, direction of 
movement wthin the dike points 
toward the surface, and downward 
the dike material connects ^^'ith the 
source bed. If, on the other hand, the 
material came from the surface and 
filled crevices and fissures open to the 
surface, its composition and relations 
to the intruded rock as well as its relations to the unconformity between 
the intruded rock and the overlying beds should indicate the direction 
toward the surface whence the original dike materials came. 

129. Cylindrical Structures Transecting Sandstones. —Pecul¬ 
iar cylindrical and funnel-shaped masses of sandstone, vertically transect¬ 
ing sti'ata of essentially contemporaneous age and similar lithology, have 
been described from widely scattered areas. Their origin seems to be m 
doubt, and it is not known whether any of them have internal structures 
or external relations \\dth the containing rocks that would make them 
useful top and bottom criteria. Certainly, however, they deserve 
further investigation with this question in mind. 

Greenly (1900:20-24) has described sandstone pipes transecting 
Carboniferous limestones in England, and Hobbs (1907:128-140), in 
discussing sand vents and craterlets associated with earthquakes, ascribes 



Fio. 176.—Clastic dike of dctrital coal in 
PcnnHylvanian shale, southwestern Indiana. 
The diaeram shows a thin, irregular layer of 
coaly detritus along an old erosion surface, 
with a joint in the underlying shale filled 
with similar carbonaceous material. The 
original crevice in the shale appears to have 
closed before it was completely fiUe<l. (Art* 
128.) {Modified after Ashley, 1899, Indiana 
DepL Qeot. Nat. Resourcts Ann* 23:58, 

Plate 3, Fig. 14.) 
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the origin of these pipes to earthquake shock. Simpson (1936: 106) 
has described cylindrical masses from Patagonia that may have been 
formed as a result of a seismic shock, and the somewhat similar structures 
reported by Hawley and Hart (1934:1017-1034) from Ontario (Fig. 177) 
may have originated in the same way. However, in reply to a query by 
the author, Dr. Hawley wrote that he had found no evidence to support 
the suggestion that the Ontario structures were a result of an ancient 
earthquake.^ 



Fio. 177.—Cylindrical structures In Upper Cambrian sandstone near Kingston. Ont. A Sketch show¬ 
ing relations of cylinders to general bedding. B. Photograph showing details of cylinder I of A 
There is no marked re-sorting of sand in the cylinders, but stratification planes and cross-lamination arc 
lacking. The cylinders are believed by Hawley and Hart (1934:1034) to mark paths of ascending 

current* of water that destroyed bedding and made cylindrical zones of quicksand (Art 129) (From 

IJawlev and Hart, 1934, Bidl. Oeol. Soe. Am., 46 : 1024, Fio. 3 and Plate 123. Sketch drawn by W. C 
Qikn^oWa PhoiOQTaph by Ja E. Hyde,) 

130. Features of Relief on Surfaces of Weathering and Erosion.— 
Crevices, fissures, chimneys, wells, troughs, sinkholes, and other negative 
features are etched and eroded into solid bedrock where conditions are 

> Hawley and Hart (1934: 1034) summarize their discussion of the cylindrical, 
trunklike structures in the Ontario Cambrian sandstone as follows: 

From an unoxposod horizon these rise vertically through nearly horizontal strata. They 
are shown to bo composed of sand grains similar in characteristics and in general size and 
assortment to those of the enclosing beds, and are considered to have formed during, or 
after, deposition of the sand, but before final cementation. The concentric, cylindrical 
color banding is believed to be concretionary in nature, localized by the presence ol vertical 
cylinders of uncementod and not excessively disturbed sand. The formation of these is 
attributed to the action of currents of water, rising vertically through the strata from, 
iwssibly. a buried fault line or other controlling structure, destroying the original bedding 
throughout the cylinders, forming quicksands therein, and appearing at the surface as 
submarine springs. Structures under this hypothesis, might conveniently bo referred to as 
quicksands enclosed by concretions.” 

[Also see Hart and Hawley (1933-1934: 85-86).) 
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favorable. Weathering follows joints, cracks, and bedding planes in 
localizing solution and modifies the shape and size of preexisting features. 
Postdepositional weathering below the surface produces openings that 


Crevices Cave Well Sink 



Fig. 178.—Dia^am showing several different 
features to be expected on ancient karst 
surfaces. Crevices may be narrow and 
shallow with a simple wedge-shaped fillings 
or they may be deep and of complex nature. 
Deep crevices may have more than one kind 
of sediment in them, indicating that the 
first material washed or blown in was differ¬ 
ent from later sediment. Caves and sub¬ 
terranean tunnels are connected with the 
surface by means of crevices and cylindrical 
shafts. Surhcial detritus is introduced into 
the subterranean cavities through these 
openings and may ultimately fill both cave 
and shaft. Not uncommonly the earliest 
deposit on a cave floor is the accumulation 
of blocks that dropped from the walls and 
roof of the cavity while its domal shape was 
being stabilized. Wells and cylindrical 
shafte, frequently reaching great depths and 
attaining meters in diameter* are common on 
both ancient and recent karst surfaces. 
Straight shafts 0.3 m. (1 ft.) in diameter and 
filled with ferro-aluminous earth have been 
observed in Jamaica, extending downward 
into Oligocene limestone as much as S or 6 m. 
They seem to have been formed slowly by 
downward solution, so that as fast as they 
were deepened red earth was washed in to 
keep the opening filled. Similar shafts, 
developed on a greater scale and containing a 
diversity of sediments, have been reported 
from the Silurian limestone of northeastern 
Illinois (see Fig. 185). The diagram shows 
one of these shafts or wclb with an earlier 
sequence of sediments deformed by differen¬ 
tial settling and soft-rock deformation before 
the later materials were brought in. Sinks 
are perhaps the commonest feature on karst 
surfaces, and filled sinks are to be expected, 
therefore, along ancient buried karst uncon¬ 
formities. They may be filled with clay, 
carbonaceous sediments, or residual iron and 
aluminum ores. (Arts. 130, 131.) 


in time stope their way to the surface, 
becoming backfilled with overlying 
rock in the process. All these features 
may be filled ^^^th material derived 
from the surface or from superin¬ 
cumbent formations, and filling and 
cavity are in many cases useful as top 
and bottom criteria (Fig. 178). 

Erosion of bedrock surfaces and 
also of unconsolidated surficial mate¬ 
rials produces localized scour and fill, 
narrow tortuous channels commonly 
called “dalles,” rectilinear troughs or 
grooves, potholes, and many other 
negative features, all owing their 
origin to the erosive action of running 
water (Figs. 179, 180). Wind and ice 
may also erode and sculpture bedrock 
surfaces, producing on them certain 
features, which, if buried and viewed 
in cross section, would be helpful in 
determining top and bottom in the 
beds. 

Relations of contiguous formations 
along major and regional unconformi¬ 
ties are discussed at length in Arts. 25 
to 27. The features and relations dis¬ 
cussed in the follo\ring paragraphs 
are chiefly local in extent and small in 
size. Those produced dominantly by 
weathering are included in Art. 131» 
those formed mainly by erosion are 
discussed in Art. 132. 

131. Surficial Openings and 
Depressions Produced by Weath¬ 


ering, Solution sinks (sinkholes), shafts, wells, crevices, enlarged 
joints, and other less obvious depressions produced by the solvent action 
of ground water are common features on a present-day karst surface 
(Fig. 181). Similar features have been reported from numerous ancient 
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rocks in which they lie below prominent unconformities. Some of the 
depressions were filled during the development of the karst surface; 
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[eaturea on an unconformity. A. A crcvico eroded in limestone and filled with sand 
Further evidence of ero«ional unconformity is furnished by the boulders of limr>«tnnA } a • 

B Pothole eroded into ouarlri.c, then l.lcr fiLrwlorandrrLd b?Lri tI lll'c';: 
that were used to cut the potholes were buried in ailu. C. Sand-filled crasional channel in shale 
ments of shale in the sandstone prove the sandstone to be the younger denosit D i • 

channel in sandstone. The shale laminae sa« sli.htly in the ax^art aTl rise [“X 

of the channcl-<leformation due in part to compaction. E. Sandstone prominenci buried by shale 
The shale laminae rise slightly toward the mound before terminating against it Som^ i«rn!« ^ 1 

t hinnor where they arch gently over the prominence. F. An crosional ?eZlnt nf «hTi i ^ ^ 





some were filled later when the cavernous surface was submerged; and 
some, filled wth material from the overlying formation, did not come into 
existence until after the unconformablc surface was covered by sediment. 
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These latter openings are filled \\ith materials let down into them as they 
were dissolved do\\-nward into the rock. A few typical examples are 
worth brief description. 

Crevices, shafts, and fissures are a common sight in karst areas and 
many are filled with soil derived from solution of the limestone. Soil- 
filled pipes and cre^ices, and many other similar openings that lack a 
filling of any sort, are characteristic of the spectacular karst developed 
in the Tertiary limestones of Puerto Rico, Hispaniola, and Jamaica 
(Figs. 178, 181) and have been reported from many parts of the world. 

Crevices, cracks, and saucerlike depressions, developed on a minor 


Deeply 

weathered 

with 

residua! 
soil 


Flo. 181.—WoatherinB features along a buried karst topography. The etched surface at the left is 
pro<luced by both quiet and flowing water. See Fig. 183. Fragments of residual chert and slickensided 
red residual clay arc to be exi)ected at the bottoms of sinkholes, crevices, and shafts. Likewise, ancient 
residual soil layers may be preserved on an irregular surface of crevices and pinnacles, as shown at the 
extreme right. Caves arc likely to have debris fallen from the roof piled on the floor, and such piles are 
commonly covered with flowstone. The diagram shows shale as the covering sediment, implying that 
the karst surface was submerged. Under certain conditions a karst surface might also be buried by 
terrestrial deposiUs. In fact, some depressions on existing karst surfaces have been completely filled by 
sediment washed and blown in from the surrounding region. (Art. 131.) 

scale on limestone surfaces undergoing solutional weathering, are likely 
to be present along unconformities separating two limestone formations 
(Fig. 182). Some years ago Dr. E. 0. Ulrich showed the author a speci¬ 
men of unusual interest in this connection. The specimen consists of a 
coarse-grained ietrital limestone in wielded contact with a semilitho- 
graphic limestone. A conspicuous digitate mass of the former extends 
downward several centimeters into the latter, filling a crevice in the 
fine-grained limestone that had been formed before the detrital material 
was washed in (Fig. 182), Lowenstam and DuBois (1946; 15-23) 
describe and illustrate clay- and sand-filled fissures that extend from the 
unconformity betw'een the Devonian Cedar Valley and Wapsipinicon 
limestones downward into and through the latter into detrital Silurian 
beds. The material filling the cracks was introduced before the Cedar 
Valley was deposited and came from an unknown source. 

Solution-etched limestone surfaces, such as may be observed on rock 
surfaces that are covered by w’ater for long periods, have a characteristic 
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topography composed of many shallow bowls and conical depressions 
wth thin, serrated rims. Hudson (1910: 161-196) describes and illus¬ 
trates such etched surfaces in the Ordovician dolomitic limestones of 
Valcour Island, New York. The pits on the upper surface are conical 
With steep sides; those on the lower, basin-shaped and shallow (Fig 183)' 
If such a surface were buried, it should if viewed in cross section present a 

profile that could be used to determine the top or bottom of the contactine 
beds (Fig. 183). ^ 

Pits, facets, and furrows, all showing considerable range in magnitude 
and detail of surface configuration, develop on limestone surfaces as a 
result of the solution action of standing and running water Smith 
and Albritton (1941:61-78) have called attention to the develop¬ 
ment of these features in the jointed Cretaceous limestone of Texas 



where, according to the authors, "‘corrosive effects .... are primarily a 

function of the degree of slope on which meteoric water falls ” Features 

similar to those described by Smith and Albritton are characteristic of 

chemically etched limestone surfaces; hence they may possibly be present 
along karst unconformities. 

Filled sinkholes and caves along ancient unconformities are common 

and have been reported from many localities and from several different 

pological penods. Just as present-day karst surfaces commonly have 

local accumulations of residual chert and silicihed fossils, particularly in 

the depressions, so also did ancient surfaces [Leith (1925:513-523)1 

Such matenal may be incorporated in the base of the formation covering 

an ancient surface of weathering as pointed out by Bassler (1932'74) 
who cites a case m point. ' 


Dixon Springs, Smith 

County [Tennessee], commences with a 3 to 6 inch layer of ferruginoL conglomer- 
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ate, which contains Dalmanetla fertUis and in places includes silicified fossils of 
the underlying Low'ville limestone, indicating subareal weathering at the end 
of the Lowville to form the silicified fossils and the red soil that contains them. 

Purdue (1907:251-256) reports sand-filled caves and sinkholes in 
the Ordovician Everton limestone of the Ozark region along an ancient 
karst unconformity between that limestone and the overlying St. 
Peter sandstone. Depressions in the old surface seem to have been 


Courtesv of New York State 

Fig. 183.—Surface etching of a New York OrdoWcian dolomitic limestone. (Art. 131.) A. 
surface of block shown in B and C. The light is from the upper left; hence the surface must not hav 
a botryoidal appearance. The depressions are relatively small, broad, and quite shallow as comp^r^ 
with those on the upper surface shown in B and C. B. Side view of block showing deep conical 
of surface pits. Note pro61e of gently pitted undersurface, C. Top view of slab shown in ^ 

Note polygonal rim of confluent cupholea, {Afttr Hudion, 1910, Buff. JV.K. St. Afus., 140; l61-i • 
PlaitB 7-9.) 

filled with water- or wind-borne sand during the deposition of the St. 
Peter sand. A somewhat similar condition exists in southwestern 
Wisconsin, where the St. Peter sandstone fills depressions in the surfac® 
of the underlying Oneonta formation. Sinkholes along the top of the 

Silurian Kokomo limestone of Indiana are filled with travertine-cemented 
breccia of that formation mixed with the cherty beds of the overlying 
Kenneth formation (Fig. 184). Meyerhoff and Collins (1935:94-95) 
report sinkholes in the Madison limestone that are filled with breccia and 
red soil and overlain by the Pennsylvanian Minnelusa formation. 
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An unusually instructive case of an ancient buried karst surface was 
descnbed recently by Walters (1946:660-710). Drilling in central 
Kansas has revealed a pre-Pennsylvanian erosion surface developed on 
Cambro-Ordovician limestones around Pre-Cambrian monadnocks 
ihis ancient land surface is pitted ^rith sinkholes and solution valleys 
that contain in situ leached residuum derived from the underlying 
limestone and transported material derived from neighboring residual 
deposits. Some of the solution valleys form circular moats around Pre- 
Cambrian hills. The karst surface now lies beneath more than 1,100 m. 
(3,300 ft.) of Pennsylvanian and later sediments 

Cooke (1926:261; 1943:42) reports sinkholes in the Paleocene 

Clayton limestone that are filled with fine micaceous sand like that in the 

overlying Nanafalia (Wilcox) formation. These are exposed along the 
Chattahoochee River near Ft. 

Gaines on the Alabama side. 

An unusual type of sink¬ 
hole is described by Dane and 
Pierce (1934:1493-1505) from 
the Cretaceous of Colorado. 

Masses of brecciated Hays 
and Smoky Hill limestones 
(Niobrara) are in contact with 
the underlying Carlile shale, 
with relations indicating that 

they are fillings of collapsed caverns that started in lower limestones and 

the Pleistocene. Brets 

(1940.337 384) has descnbed several filled solution cavities in the 
bilurian Joliet hmestone of northeastern Illinois. These are of particular 
interest m that they are filled with deformed Pennsylvanian sediments 
which apparently subsided into the cavities as solution deepened and 
enlarged them (Fig. 185). The features support Bretz’s (1940:337) 



J+m s /Off. 


Fig 184.-<:herty Kenneth limeatone filling an ancient 
sinkhole in the thinly laminated Kokomo lime.stone. 
Many Kokomo fragmente are included in the sink filling 
of impure Kenneth. This unconformity between two 
bilurian limestones may be seen in the Markland Avenue 
quarry in Kokomo, Ind. (Art. 131.) 


. . . [that] not all buried sink holes” at the contact of a limestone and an 
overling shale formation are relicts of a former karst topography, that some 

such sinfe may develop de novo or may become greatly enlarged by solutional 
removal of limestone after the shale was deposited. 

I with other shale-filled solution cavities 

llL“2 d 1'«^«^^«3-488) from a different part of northem 

Illinois. These deposits, supposed by Weller (1899) to be of Devonian 

a933 the Mississippian by Croneis and Scott 

(1933. 207-208), fill solution cavities m the Silurian Hmestone (Fig. 186). 
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Weller (1899: 48&-487) referred to the relation between filling and wall 
rock as a “subterranean unconformity” and described the formation of 
the feature as follows: 


The waters which collected upon this land surface in part percolated through 
the underlying rock strata and by solution increased the size of many joint cracks. 



At a later period, near the close of the 
Devonian, when the sea again oc¬ 
cupied the region, sand was sifted 
down into these open joints, and \vith 
it the teeth of fishes which inhabited 
the sea thereabout. It is perhaps 
possible that the opening which has 
in recent time been uncovered at 
Elmhurst, was during this late 
Devonian time large enough for the 
entrance of some of these fishes, and 
that they sought this opening for 
shelter, much as fishes, at the present 
time enter similar openings. 


Cave fillings always present 
an interesting stratigraphic anom¬ 
aly in that they are bodies of 
foreign material within an other- 
wse homogeneous formation. 
The material filling a cave mayp 
in rare cases, be introduced fro® 
below, as Stainbrook (1945:152- 
153) has shown for bodies of 
Devonian Independence shale 
squeezed upw'ard into the Cedar 
Valley limestone of Iowa (Art- 
127). 

Day (1928:412-415) has de¬ 
scribed and illustrated cert^ 
unusual solution “pipes” in t e 

coast sandstone of Syria. 
are vertical holes, 25 to 50 cm. (10 to 20 in.) across and 1.5 to 5 m. (5 to 1 
ft.) deep, that spread out funnellike at the surface and taper like a cigar 
at the bottom. They are found in a calcareous dune sand of Quaternary 
age and are filled with red sand from the overlying formation, 

(1928: 413) ascribes the features to weathering, stating: “It seems certain 


Couriety of J. H. Bretz 
Fio. 185.—Solution cavity in Silurian limestone 
of northeastern Illinois. This canty was filled 
with downward-sagging Pennsylvania sands, shales, 
and a coal seam. It is believed to have been formed 
slowly after the shale had been deposited upon the 
old limestone surface. As circulating ground water 
dissolved the limestone along the oontact with the 
overlying shale, the cavity gradually deepened and 
the soft overlying sediments, adjusting to the deep¬ 
ening cavity, came to have a synclinal structure. 
This cavity cannot be interpreted as an ancient 
sinkhole on a buried karst surface. It is, on the 
contrary, a postahale feature that came into exist¬ 
ence after deposition of the Pennsylvanian sedi¬ 
ments. (Art. 131.) (A/ter Bretz, 1940. Jour. 
Otology, 48; 338, Fig, 1. Print made from the 
original negative kindly loaned by Dr, Bretz.) 
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that they are due to the solvent action of water making its way down 
through the rock,” 

Westgate and Fischer (1933: 1161-1172) have described smaU local 
pockets of fish remains in depressions along the unconformity between 
the Devonian Columbus and Delaware limestones. They are not certain 
how the surface relief was produced, but their illustration (Fig. 187) 
shows clearly that the irregular surface was in existence when the bone 
deposits were collected in the depressions. Read (1940; 1975) recently 


Glacioded surface 



^o. 186.—Subtorranean unconformity in Silurian limestone at Elmhurst, fll. During a post-Silurian 

thn tnT"* waters enlarged joints and dissolved outsmall cavities for many meters below 

the surface. At a later date (Devonian or Misaissippian). when the sea submerged the regi^ sand 

Sirurian/oJ^iL^Ld^^^^^^^^^ All post- 

?Art'*“l3r) "“(StetcrtJied**! ” “d j?® P<»^Silurian scd^mentebThe «gio^ 

^ and Ulutiratton by WdUr, 1890. Jour, Geology, 7 : 483-588. 


reported bone pockets from the lower Permian Lueders formation of 

Texas, and Stutzer and No4 (1940:350-355, Fig. 127) describe and 

illustrate a fissure filling of unusual interest in that it contained (page 

352) numerous specimens of Iguanodan, a gigantic dinosaur which was 
3-4 meters high. ...” 

There are undoubtedly many other cases in the geologic column where 
locally the record of a long interval of time is now represented by nothing 
more than the filling of a fissure, crevice, or sinkhole. These fillings if 
properly related to the containing rock, can be used as top and bottom 
criteria. Certain of these surface fillings have been called «clastic 
dikes and are discussed in Arts. 126 and 128. Wedges of sediment 
filling enlarged joints m igneous rocks are typical examples of this sort of 
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132. Erosional Features—Scour 


AND Channels, Pot¬ 

holes, Etc. —Under certain 
local conditions the erosive 
power of streams and water 
currents becomes great enough 
so that shallow depressions 
are scoured out of the loose, 
unconsolidated bottom sedi¬ 
ments or out of the solid rock 
over which the water is flow¬ 
ing. Some excavations so 
produced are asymmetrical 
pits and troughs. Usually 
they have the upstream slope 
much steeper than the downstream and are disposed transverse to 
the general current direction (Fig. 188). When the current ceases 



Fio. 187.—DiaKTam showing the unconformable contact 
between the Columbus and Delaware limestones, both 
Devonian, of Ohio. Channeb eroded into the Columbus 
limestone were backfilled with bone fragments and other 
detritus before the calcareous muds of the Delaware were 
deposited. This b an example of how fossils may be 
preserved along unconformities. (Arts. 131, 177.) 

(Modified slightly after Westgaie and Fischer, 1933, Bxdl. 
Geol. Soc. Am., 44: 1169, Fig. 3.) 





Fio. 188.—Diagrams showing the formation of scour-and-fill structure. In the erosion stage M) 
strong bottom currents start excavating at certain places and produce a canoe-shaped depression 
has an asymmetrical profile, the steeper slope being on the up-current side. During the 
stage (B) granular sediments (silts, sand, and gravel) are transported along the bottom and washed m 
the scoured-out depression, becoming cross-laminat^ in the deposition. If there b a short f*"**^^ 
erosion after the depression has been filled, the upper part of the cross-laminated layer b partly . 
away and the foreset laminae are truncated (C). Later horuontally deposited sediments then transe 
the inclined laminae of the fill material. (Art. 132.) 

excavating and starts depositing sediment, the depression is backfilled, 

*In an article by Black (1928:301-307), British scour-and-fiU structures are 
excellently described and illustrated as “washouts.” Black interprets them ^ 
follows (p. 302): “ ... these masses of sandstone are lenticular in section, and may 
readily be sho^vn to fill channels eroded in the level-bedded strata below.” 
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Courte$y of U,S, Oeologicol Survey 

Fio. 189.—CroM-beddcd conglomerate in the Chadron formation on the east sloj* of the Wack HilU 
Bouth of Fairburn. S.D. The scour-and-fiU slrncturo exhibited by the conglomerate was produced bv 
the scouring out and backfilling of prominent channels cut into the underlying shale by strong currents 
The man m the center of the picture indicates the magnitude of the individual units fAn \ 
(After Darlon, 1906. U.S. Qeol. Surxeu froft Paper, 32: 88. Plate 25B.) 



structure in the PrisCambrian Baraboo quartzite in Ableman's Gorge west of 
Baraboo, Wia. The beds dip vertically and face southward. They lie in the north limb of a syncline 
fhe asymmetric form of the scour-and-fill structure and the layer of coarse particles along the bottom 
of the channel provide reliable top and bottom criteria, and the conclusions based on these criteria can 
be corroborated by noting the relations of the well-developed cleavage present in a 10-cin. (4.in ) layer 


often wth more coarsely textured material than that in the sub¬ 
stratum (Fig. 189). As the current sweeps detritus along the bottom, 
some is washed into the depression, the coarser grains rolling down the 
steep slope as the deposit advances across the excavation, and the filling 
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thus made is an asymmetrical lens of cross-laminated detritus fairly flat 
along its upper boundary and rounded along its lower contact with the 
substratum. Not uncommonly there is a thin layer of coarser grains or 
pebbles at the bottom of the filling along its contact with the underlying 
material (Fig. 190). If erosion is temporarily renewed after the depres¬ 
sion has been filled, the upper parts of the inclined laminae may be 
truncated and afterw^ard buried beneath horizontal laminae with some¬ 
what coarser grains at the base (Figs. 
188, 190). If the current that did the 
e.\cavating suddenly loses its erosive 
power and the water covering the depres¬ 
sion thus becomes relatively quiet, some 
time may elapse before the depression is 
filled up to the general bottom. If this 
happens, the sediment making the filling 
is almost certain to be of finer te.xture 
than the surrounding material and it is 
also likely to have essentially horizontal 
laminae that sag downward somewhat to 
conform with the original surface of the 
depression. The partly filled pits (Fig. 
191) reported bj^ Steam (1934: 152) in 
the top surface of a sandstone layer, 
although interpreted by him as connected 
with an intraformational conglomerate, 
seem to be better e.xplained as scour-and- 
fill stmcture of the type just described. 

Certain structural details of scour and 
fill should be noted so that the feature is 
not confused with ripple-mark or buried 
mounds. (1) If the filling has its typical 
cross-laminated stmcture, the laminae are 
tmncated on the upper side and tend to be tangent with the gentler slope 
of the original depression, as shown in Figs. 188 and 190. This structural 
detail should suffice to differentiate a filling from an incomplete ripple 
ridge, which, if cross-laminated, shows the laminae tmncated along the 
gentler slope and also lacks coarse grains on the same slope (Figs. 59, 192). 
(2) In fillings that are not cross-laminated (the absence of this feature 
being an indication that the filling was not made by currents), the hori¬ 
zontal laminae that are likely to be present sag downward so as to conform 
in a general way with the asymmetrical surface of the original excavation 
(Figs. 191, 193). As pointed out by Cox and Dake (1916:30-31), tbe 



Fiq. 191. —An unusual type of scour- 
and-fiil structure in the Pennsylvanian 
Stanley sandstone of Arkansas. The 
top of the steeply inclined beds is to the 
left. The erosion channel was back* 
filled with laminated mud. which was 
later covered by sand. A, sandstone: 
Bt argillaceous shale; C. arenaceous 
shale with plant fragments and a speei* 
men of Calamites ^tanltyenM. (Art. 
132.) {After Steem. 1934, Bcon. GtoU 
oay^ 29: 152, Fxq. 3.) 
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texture and lithology of such fillings are likely to differ rather conspicu- 
ously from those of the surrounding rock. 

Scour and fill is a common and widespread feature in detrital sedi¬ 
mentary rocks of all kinds, and it has been described and illustrated by 
many writers, some of whom have mentioned its use as a top and bottorn 




;.pp.r boupdary. DUgram B. ,£e;eforaf fa an inf Xrullf It th/f T”'"* 
m clearly stratified sediment, the bedding would end abruptly arthe edge o the excavated 

a npple ndge is buried by laminated mud. the individual faminae rbfsHgMly "l^^v annrrLTJ' 
ridge and in some cases they may arch gently over the Drominenc« Rlfardr ,; i“ i approach the 
structures range in dimensions from a few centimeters to as na o scour-and-611 

Compare these diagrams with Fig, 60, (Arts. 68, 132.) ^ transverse direction. 

critenon.* It may be developed on a microscopic scale, or it may have 

such grand development that the fillings are several meters thick manv 
meters wide, and tens of meters long. ’ 

Although scour and fill is most commonly found in conglomerates 
sandstones, and finer elastics (Fig. 194), it may also be present in calcar¬ 
eous rocks and in glacial deposits. Shallow depressions scoured out in 




metrical shape of the excavation, and the contact of ih downward in adjusting to the aaym- 

asymptotic (.4). In B, which bS;w, a ri^grbu^ed by LrnT*!^ aubstratum ia 

from the ridge, showing that they were deposited around and ovtT ’1 
features shown in ^ and B usually are mcLurablo 

unconsolidated calcareous muds may be filled later with comminuted 

figments of the filling tend to be imbricated as a 
result of current action (Fig. 274). It does not seem likely that an asym¬ 
metrical mass of shell fragments such as that just described would^ be 
mistaken for an incomplete ripple ridge, especially if there are only a few 

■ Cox and Dake (1916: 30-31), Leith (1923: 208), and Lahee (1932: 86). 
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scattered deposits. If, on the other hand, there are many such asym¬ 
metrical ridges lying at regular intervals along definite bedding surfaces, 
their origin by scour and fill should be questioned (see Art. 70 and Figs. 



Fio. 194.—Multiple scour-and-fill in the Carboniferous Cambrid(te formation near Commonwealth Pier. 
Boston Harbor. The beds have an east-west strike and a northerly dip of 20®. The sketch shows early 
peneconteiuporaneou.s slumpinR, followed by almost complete removal of slumped material. Then 
carne normal deposition of fine sand, followed by a second episode of slight faulting. This period of 
sedimentation ended with the cutting of three successive channel.^, the last being much the deepest. 
The scour-and-fill structures are composed of fine, strongly laminated sandstone. The underlying 
laminated shale was not affected by either the early deformation or the subsequent erosion. The small 
square at the base of the diagram b 50 mm. (2 in.) on each edge and gives the scale of the sedimentary 
features. (Art. 132.) 

65, 85). Glacial till and outwash deposits may contain pseudo scour- 
and-fill structures. These appear to represent deposits made in a depres¬ 
sion produced by erosion, but collapse due to the melting of a partly or 
completely buried block of ice seems a more likely explanation (Fig. 195). 



Fiq. 196.—Faulted syncline in a Plebtocene outwash deposit near Wellesley. Ma.««s. The featurt 
probably owes its origin to the melting of a block of ice buried in the sand. The layers of gravel, sand, 
and silt gradually sank as the ice melted, the gravel layer moat conspicuously adjusting by a senes ot 
Small normal faults. The syncline has a maximum width of about a meter. Features such as this may 
be expected in sandstones and conglomerates beUeved to represent ancient outwash deposits. (Artf. 
132, 148.) 

The initial dip of the laminae is commonly steepened along the walls of 
the original depression by slump, and in some deposits small, parallel 
normal faults cut the filling. The entire profile of the filling must be 
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observed to establish its identity. Either half of the structure might well 
be mistaken for a faulted glacial delta deposit like that illustrated by 

Leith (1932: 209). 

In addition to the scour-and-fill structures discussed in preceding 
parapaphs, many other channels, troughs, and depressions along uncon¬ 
formities have been eroded into sediments and rock surfaces and later 
backfilled vdth. sediment when the erosion surface was buried. Some of 
these have been discussed at length in the section on unconformities 

(Arts. 25 to 29). A few special examples deserve consideration here 
[see also Sheldon (1928: 243-252)]. 

Strong bottom currents may scour out linear troughs of more or less 
symmetrical cross section trending in the same direction as the flow. 



196.—An orosional unconformity between two limestones. The surface of the lower Silurian 
Manh^ limestone was channeled; then limestone gravel derived from the Manlius and quartz sand 
brought »n from a distance were deposited in the bottom of the channel to a depth of about 17.6 cm 
I ‘ j L followed the deposition of about 15 cm. (6 in.) of argillaceous and calcareous mud, fol- 

Jowed by the purer calcareous sedimenta constituting the Onondaga limestone. The width of the chan- 
nel is about 6 m. {18 ft.) and ito depth slightly more than 1 m. (3^ ft.). (Art. 132.) (Modified after 

Orabau.l900,BullOeol.Soc. Am.,ll:367.Fio.5.) 

Twenhofel (1932; G68) mentions such channels in certain formations 
on Anticosti Island and states that "... the channel fillings in some 
instances resemble casts of logs.” Grabau (1900:357) described and 
illustrated a broad, shallow channel eroded into the Silurian Manlius 
limestone of New York and then backfilled mth Devonian elastics and 
later Onondaga limestone (Fig. 196). In other places the Onondaga 
rests directly on the irregular surface of the Manlius with a clean contact 
(Fig. 197). Many years ago Williams (1881:318-320) described sand- 
filled channels in the Upper Devonian Portage shales of New York and 
ascribed them to icebergs dragging across the soft muddy bottom [see 

also Cox and Dake (1916; 2&-31), Clarke (1918:19^238), and Schuchert 
(1927; 123-131)]. 

Thin lenticular coal seams commonly lie in eroded channels and 
shallow basins (Figs. 38, 198) and in some cases have rather unusual 
structural relations (Fig. 199). Coal seams are commonly thinned or 
completely cut out by erosion channels backfilled with clastic materials 
that may be cross-laminated [see Ashley (1899), Bell (1929), and Stutzer 
and No^ (1940)] (Figs. 180, 200). The sand of such channel fillings may 
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bink into the coaly matter if it is plastic, thus producing flowage struc¬ 
ture (Fig. 201), 

Stutzer and No6 (1940:405, Fig. 186) report potholes in Carbon¬ 
iferous coal of the Waldenburg Basin of Germany that are backfilled with 



C D 

Fio. 197.—Erosional unconformity between the Silurian Manlius limestone and Devonian Onondaga of 
New York. A* Sagging layers of Manlius are truncated by the erosion surface, giving the contact the 
appearance of an angular unconformity. B. One side of a probable erosion channel in the Manlius 
filled with gently dipping Onondaga beds. C. D. Uneven contact caused by pre-Onondaga channeling 
of the Manlius limestone. In all the above cases the limestones are either in direct contact or separated 
by a thin layer of decomposed shale that represents the intervening Devonian Oriskany formation* 
(Art. 132.) {Modified after Qrahau. 1900» Bull. QeoL Soe. Am., 11: 356. Ftps. 1-4.) 

conglomeratic sandstone containing fragments of the coal itself. No 
other ancient potholes along unconformities have come to the attention 
of the author, but it is highly probable that they do exist because of their 


t*—JSm 



Fio. 198.~-Anci6nt( Mdiment-filled ainkhole in Ordovician dolomitic limest<^6 near Stanton. Mo* 
The coal, which ia low.grade bituminoua. is inassi%'e and is separated from the basal Pennsylvania 
sandstone by a bed of flinty fire clay. The syncline of sandstone, clay, and coal apparently was formed 
slowly aa the sinkhole deepened. (Art. 132.) {Bated on an oriffinal tkeieh by L, C. Raymond.) 

rather common occurrence in present-day stream channels cut in rock 
[see Elston (1917: 554r-567; 1918: 37-51)]. 

133. Secondary Features.—Certain features and structures existing 
along or directly adjacent to the surface of contact between contiguous 
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20 m. 


^Q. 199.—Diagram showing a channel eroded into shale and then backfilled with sand, a relation com- 
monly pr^ent in coal-bearing sequences. The first sand brought in was deposited in the channel with- 

<icP«itcd with well-developed cross-lamination. (Art. 132.) 
(Modi/iedo/ter KtndU in A$hley, 1899, Indiano Dept. Geol. Nat. Reeources Ann. Repl.,i3: 1093, Fig. 749.) 
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Fia. 200.—Diagram showing deformation of strata beneath a mass of sandstone deposited in a channel 
that had been eroded into fairly soft and plastic sediments. The sand body sank into the underlying 
materials to some extent, so that its gently convex upper surface did not rise far above the general bot¬ 
tom. (Art. 132.) (A/Ict-/C tt*u*, 1920. CfOcAou/, 41 : 807, A66. 7.) 





_ _ _ 

COAL SANDSTONE FIRECUY CLAY SCHIST 

mi‘Th-T’S/''""’"'*”" “‘‘™/">• ,h.le laycm by an irregular 

inaM of sandstone, ^e sand was presumably deposited on the soft coaly material and hvdroolaatic 

muds when they could still flow to some extent. The laminae of the overlying shale arch gently over the 

billowy upper surface of the sand mass. There may have been some scouring ou of the coaly material 
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layers are obviously of secondary origin {i.c., they were formed after the 
beds were lithifiedj. Two of these are mentioned here because of their 
possible significance as criteria for top and bottom determination. 



B 


Fiq. 202.—Collnp.'»c fcat<irps in the thinly laminated Byron doloinitic limestone (Middle Silurian) of 
eastern WLsennsin. A. \ ipw lookinR directly downward on two of the features. To the left of the 
watch U a clcpres-sion that once seated one of the curved discoids; to the ripht is a typical discoid in 
place. Note the several concentric fractures. The larKc discoid Is all that rertiains of the thin layer 
that oriRinully covered the surface. B. Diasram showing a cro.ss section of one of the discoid-s and the 
porous nature of the semilithographic limestone directly beneath. The circular dbk apj)ears to have 
sagged downward, fracturing concentrically in the process. The projection from the overlying layer 
into the shallow cavity is u-sually smoothly rouiidcd. The collaiwc may possibly have been caused by 
decomposition of buried organic matter originally trapped in the soft calcareous muds. (.4rt. 134.) 


134. CoLL.kPSE Fe.\tuues. —Certain layers in the fine-grained, thin- 
bedded Byron dolomitic limestone (Silurian) of eastern Wisconsin contain 
peculiar collapse features of uncertain origin (Fig. 202). The feature 
consists of a roughly circular concave plate sharply separated by one or 
more circular cracks from the layer of which it was obviously once a part. 
There may be other incomplete concentric cracks in the plate itself; iu 
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addition to these, there are well-developed radial cracks that are largest 
near the center of the plate and typically die out before reaching the 
periphery (Fig. 202). If the structure can be viewed in transverse 
section, there is nearly always a cavity or a spongy mass directly beneath 
the depressed plate, suggesting that cavity and downwarped plate are 
parts of a single structure. 

It may be that calcareous mud locally charged with organic matter 
developed shrinkage cracks and the associated collapse features when the 
organic matter disappeared through decomposition. The formation of 
the feature apparently took place w'hile the beds w^ere somewhat lithified, 
as shown by the numerous cracks. 

Regardless of origin, however, these collapsed plates clearly indicate 
the top of the layer in w’hich they occur and by their relation with the 
overlying bed show that they lie beneath that bed (Fig. 202). 

136. Stylolites.* —Many soluble rocks, especially limestones and 
marbles and to a limited extent relatively insoluble sandstones and 
quartzites [Tarr (1916: 819-820)], exhibit in cross section zones of com¬ 
plicated zigzag structure referred to as stylolites. When separated the 
juxtaposed surfaces of contiguous beds appear very rough, the vertically 
fluted irregularities of one surface fitting into their counterparts on the 
other. These structures, whose origin has for a long time been a matter 
of debate, have been fully described and illustrated in a large number of 
articles (see the footnote below'). 

Stockdale (1922, etc.) proposed that they w'ere formed by differential 
solution of hard rocks under pressure (“solution-pressure theory”), 
whereas Shaub (1939: 47: 61), raising numerous objections to this theory, 
concluded that they w'ere formed in unconsolidated sediments as a result 
of contraction and pressure (“contraction-pressure theory”). Evidence 
can be found to support and refute both theories; hence it seems probable 

* See Bastin, E. S., 1933, Relations of cherts to stj'Iolites at Carthage, Missouri, 
Jour. Geology, 41:371-381; 1040, A note on pressure stylolites, Jour. Geology, 48: 
214-216. Goldman, M. I., 1940, Stylolites, Jour. Sedimentary Petrology, 10:146- 
147. Price, P. H., 1934, Stylolites in sandstone. Jour. Geology, 42:188-192. Shaub, 
B. M., 1939, The origin of stylolites. Jour. Setlimenlary Petrology, 9: 47-61. Stock- 
dale, P. B., 1922, Stylolites; their nature and origin, Indiana Univ. Studies, 9 \ (55); 
1-97; 1923, Solutive genesis of styloHtic structures, Pan-^Am. Geologist, 39: 353-364: 
1936, Rare stylolites, Am. Jour. Set., (5) 32: 129-133; 1939, Stylolites, Abstract, 
Bull. Geol. Soc. Am., 60: 1989; 1941, Stylolites, primary or secondary? Abstract, 
Ohio Jour. Sci., 41: 415-416; 1943, Stylolites: primary or secondary, Jour. Sedimen¬ 
tary Petrology, 13: 3-12; 1945, Stylolites with films of coal. Jour. Geology, 63: 133-136. 
Tarr, W. H., 1916, Stylolites in quartzite. Science, 43:819-820. Trepethbn, 
J. M., 1947, Some features of the cherts in the vicinity of Columbia, Missouri, Am. 
Jour., Sci., 246: 56-58. Young, R. B., 1945, Stylolitic solution in Witwatens- 
rand quartzites, Geol. Soc. South Africa Trans., 47: 137-142. 
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that structures generally called stylolites had multiple origin. Here we 
shall consider them as secondary features, though the author believes 
with Shaub that certain stylolitic structures may well be of essentially 
penecontemporaneous origin. 

There seems to have been no mention of any characteristic of stylolites 
which might make them useful in determining the top or bottom of the 



B 

Fio. 203—Specimens of stylolitic Devonian limestone from Port Dover, Canada. The stylolitic 
columns penetrate a mass of chert embedded in the limestone and are best developed on the upper side 
in B. In A, however, the relation of stylolites to chert b confused by the presence of fraccmental chert 
(stippled) in a thin layer above and below. Even in this specimen the larger columns penetrate the 
chert from above. (Art. 135.) (After Logan. 1863. "Geology of Canada." p. 633. Figs. 437. 438.) 

sequence in which they occur. In fact, in a reply to a question on this 
point, Stockdale (letter dated June 13, 1938) wrote negatively as follows: 

I have thought a great deal of the relationships of stylolites to this problem 
[i.e., their use as a top and bottom criterion] and have been unable to come to 
any convincing conclusion. As a matter of fact as things now stand I doubt if 
stylolites by themselves, at least in normal limestone beds, are a criterion. 

On the other hand, Tarr (letter dated Apr. 13, 1938) wrote as follows 
concerning concretions and stylolites: “Of course where chert nodules 
occur in a formation containing stylolites these features consistently 
develop on the upper portion of the nodule.” Logan (1863:532-533) 
long ago called attention to this relation of stylolite and chert nodule, 
using the accompanying illustration (Fig. 203), and only a few months 
ago Trefethen (1947: 57) reported the same relation as follows: “Stylolite 
seams are extremely common in the Burlington [limestone of Missouri]- 
They may pass through the limestone, undeflected above and below a 
pinch and swell in the chert, or they may curve over a chert lens.” 
Though this relation seems plausible for syngenetic chert nodules, it 
needs to be tested fully in the field. It is worth recording that Bastin 
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(1931:371-381) found the relations between stylolites and secondary 
chert nodules quite variable at Carthage, Mo. 

Stylolites seem to develop in a position such that the bisectrices of the 
angular zigzags and the axes of the grooved columns are always oriented 
vertically. If the strata are horizontal, the stylolite zone is likewise 
horizontal (Fig. 204). If the beds have an initial dip, the stylolite zone 
parallels the bedding but the bisectrices and axes are vertical. This 
relationship is well exhibited by the gently inclined strata around some of 
the Niagaran bioherms of northern Indiana [Stockdale (1922)]. This 




Fia. 2M.—StyloUt^. A. The common styloUtic etruclure with columns vertical and essentially 
I)erpend»cular to bedding. B. Stylolite scam in tilted sandstone. Since stylolite columns are generally 
formed with vertical orientation, it is obvious that in this rock they formed secondarilv after tiltina 
see Stockdale (1945: I33-136)|. C. Primary stylolites in reef-encircling beds with initial dip. It is to 
be noted that although the seam itself w parallel to bedding the columns are vertical rather than oer- 
pendicular to bedding. D. Primary Btylolite scam in a scries of steeply inclined limestone beds, 
btylolites appear to be useless for top and bottom determination. (Art. 135.) 


relation is shown in Fig. 204. Beds folded after stylolites have been 
formed in them show the bisectrices and axes in an inclined position 
(Fig. 204). Finally, stylolites that develop in steeply folded beds main¬ 
tain a position as near horizontality as the features in the rock permit 
(Fig. 204). Although all these relations are interesting structurally, 
they have no usefulness for top and bottom determination, for they 
indicate only verticality, not direction of gravity, at the time of formation. 

In view of the fact that stylolites are so abundant, however, especially 
in some marbles that have lost nearly every vestige of original structure 
there is good reason to investigate them critically in order to determine 

whether or not they display any relation or characteristic that might be 
used as a top and bottom criterion. 


CHAPTER V 

FEATURES OF SEDIMENTARY ROCKS (IH) 

III INTERNAL FEATURES. 

136. Introductioii.—Certain structures and features lying within 
individual sedimentary layers or within a sequence of such layers have 
proved useful and reliable as criteria for top and bottom determination. 
Probably the most useful of all sedimentary structures is cross-lamination; 
others are penecontemporaneous structures, buried organic hard parts 
and gross structures built by organisms, primary and secondary cavities, 
and landscape marble. 

Although it is true that most of these features were closely related to 
the surface at the time they were formed, they have been grouped together 
for discussion because they are found uithin a layer or in a series of layers 
rather than on a bedding surface. 

137. Cross-Lamination.'—Cross-lamination is the designation now 
generally used for that structure, commonly present in granular sedimen¬ 
tary rocks, which consists of tabular, irregularly lenticular, or wedge- 
shaped bodies* lying essentially parallel to the general stratification which 
themselves show a pronounced laminated structure in which the laminae 
are steeply inclined (as much as 33°) to the general bedding (Figs. 208, 
213). 

The one outstanding feature of cross-lamination that makes it so 
useful and reliable a criterion for top and bottom determination is the 
angular relation of the laminae to the underlying and overlying strata or 
boundary surfaces. Although it is true that some cross-lamination is 
indefinite for one reason or another,® if the structure of the cross-lami- 

> Variously called "cross-bedding,” "foreset bedding,” “false bedding,” “oblique 
bedding,” “diagonal bedding,” “inclined bedding,” “current bedding,” “torrential 
bedding,” “flow-and-plunge structure,” etc. 

* In an article that deserves careful study by all serious students of sedimentary 
structures, McKee (1940:811-824) describes the three fundamental types of cross¬ 
lamination as they are displayed in the Paleozoic rocks of the Grand Canyon region 
[see also McKee (1945a: 1-168)]. Thompson (1937: 723-751) in another important 
article describes and illustrates the several kinds of cross-lamination made on beaches, 
bars, and dunes. Finally, the interested student is referred to the excellent discussion 
by Bagnold (1942:1-265) of the physics of blown sand and desert dunes. 

* During discussion of a report by Allison (1933:144), 
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nated unit is apparent, then the top of that unit, and hence the top of the 
sequence m which it lies, should be determinable, for the angle between 
the laminae and the overlying layer is greater than the alternate angle 
between the laminae and the underlying bed (Figs. 205 to 208). In fact 
the most common type of cross-lamination is that in which the laminae 
are sharply transected at the top of the unit (Fig. 211) and tangent or 
nearly so (asymptotic) at the base*. Even when the angular relations 



Th°' cuJITIboD “"•* (B.) larni,,,,.. 

laminated i’*.' “'I'anomB layer that la internally eroar- 

oompiete iorm. "V^=;.rr;r T!:: 

appear to be similar above and below, a thin zone of larger or heavier 
grains may mark the lower part of the unit^ (Fig. 209). 

Prof. P. G. H IJoswell reiiiarkod that experiments on the deposition of sand from watei^ 
currents, earned out m glass-sided troughs some years ago by Prof. T. R. Wilton and 
himself, appeared to indicate that (1) a moderate velocity (up to 1.5 feet per second) 
produced ripples of a wave-length of about three inches in sand of average diameter Knn 
inch, and current-bedding of the inflected form, asymptotic at top and base; (2) with 
increased velocity (up to 1.78 feet per second), the tops of the ripples were eroded to a plane 
surface that abruptly truncated the bedding; and (3) with a still higher velocity, much 
larger whale-back npples or moulds were produced (of wave-length about lO^nches) 
on the ee side of which the bedding, although asymptotic at the top of the mounds, abutted 

^ruptly on to the floor of the underlying material. . . . Some of the examples of curre^^^ 

^locufes ^ contradictory results might be due to exceptionally high 

•Twonhofel (1932: 619) states that “ . . . cross-lamination is important in 

structural geology, as the truncation at the top of the foresets gives a nearly unfailing 

means for the determination of the tops of beds." Even with such a reliable criterion 

^ this, there are the exceptional cases where the laminae show a sharp angle at the 

b^e and an asymptotic relation at the top. Hills (1940: 6-7, Plate lU) describes 

Ba^nn "h ? Cross-lamination of this nature in Pleistocene dune sand at 

Bamon Head, Victoria. Australia. (See also preceding footnote.) 

Ihis type of cross-lamination has been called “torrential" [Hobbs (1900- 291)1 
and compound oblique" [Orabau (1913:402)] and has been ascribed to’rapid 
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Many writers have stated that the concave portion of cross laminae 
face upward, but as Bailey (1930: 78) points out this is true only if the 
upper part of the complete foreset layer has been removed before deposi¬ 
tion of the next layer (Fig. 205). The steepest angle of repose for 
cross-laminated sand is about 33°; hence laminae showing inclination in 
appreciable excess of this amount (Fig. 210) have been deformed, 

138. Mode of FoR^UTIO^^—Cross-lamination is made in bodies of 
granular sediment by currents of wind and water that build the deposit 
forward by successive additions of sediment on the down-current side 
(Figs. 205, 206). The body itself at the time of formation may be a 
terracelike layer or bank with, linear or lobate front, a current-ripple 
ridge, a small delta or fan, a backfilling of a scoured-out channel, or a 



Fig. 206. —Diagram illustrating how a current of water constructa a crosa-laminated depoeit. The 
original layer, as shown in the left half of the diagram, consbts of thin topset (T«) and bottomset 
layers bounding a thick middle layer in which the forcsot (Fs) laminae are uniformly inclined in the 
direction in which the current flowed* The right half of the diagram shows the appearance of the bed 
after the upper part of the croes-laminatcd layer has been eroded away. Subsequent dopoeits would 
rest upon the truncated forcset laminae. (Arts, 137 to 139.) 

sand dune of some sort^ (Fig. 207). Subsequent surface erosion usually 
modifies the original shape of the cross-laminated deposit to some extent, 
so that upon burial it has one of the three common forms, layer, irregular 
lens, or wedge (Fig. 208). The erosion that produces this modification 
also strips away the so-called “topset laminae,” if they were ever made 

deposition by temporary streams in desert environments [Lahee (1941: 83)1, though 
it is probable that the same structure can be formed under other environmental condi¬ 
tions. Read (1936: 469), in using cross-lamination for structural work on the Dal- 
radian rocks of Scotland, states: “Asymptotic bottoms and truncated tops are every¬ 
where observed, and the dark bands form always the bottom plane of a truncating 
bed.” The normal white quartzite contains only a few grains other than quartz, 
whereas the dark bands are composed of biotite, zircon, garnet, epidote, and iron ore. 

If any coarser than average grains are present in the cross-laminated unit, they will 
lie along the base and, as pointed out by Twenhofel (1932: 210), “ . . . zones of 
cross-bedding in conglomerates locally may show a row of pebbles at the base of the 
cross-bedding, to which they were rolled as the foreset beds advanced.” 

1 Twenhofel (1932: 619) states: 

Cross-lamination develops under four general conditions or environments not sharply 
separated from one another: building of deltas and alluvial fans, outward building of the 
bottom in seas and lakes to the position of the profile of equilibrium, movement of sandbars 
and dunes, and formation of ripple marks. 
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producing the sharp transec- 
on that marks the top side of the cross-laminated unit (Figs. 205, 211) 

The umihrectional cross-lanunation in current-ripple ridges and the 

chewon lamination in wave ripples are discussed fully in Arts. 68 and 77 
m coiiii6ctioii ^vith ripple-mark. 
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Fiq. 207.—Diagram, illustrating different kinds of croM-lamination A rr,v.« u. • . i • . .. 

rnado by a wind or water current. B. Scour-and-fill structure witli’u..nLi . ripple ridge 

the backfilled sediment. C. Croas-laminatinn in an .i . elojicd cross-laiiiination in 

shallow water current The fr^nTofsT^^^^ constructed by a stream or 

du-ection of flow. D. A sand dune with inclined laminae dipping^il“much ^*33“ " d''"'* 
tion may be developed on a grand scale (see Fig. 19). B CrSaa^se^tlon T ft' i? "® cross-lamina- 
foreset (Fa), and bottomaet (B$) beds. Delta foreaets mav f *1, ^ showing tojiset (Ta ). 

tilted beds. (Arts. 137 to 139.) ^ magnitude as to be mistaken for 

139. Shape op Cross-laminated Uxirs.-The complete form of a 
tabular cross-lammated unit is essentially that of an ideal delta composed 
of bottomset, foreset, and topset laminae (Fig. 206). Such perfect units 
however, are almost never formed under the conditions best suited for 
extensive development of cross-lamination. Bottomset laminae usually 
are poorly represented and topset laminae are nearly always eroded off 








Tabular 



Lenticular 


Wedge-shaped 


units are typicaUf w»tordaid sodimonm.Thore**M*^d°go^^^ ''k‘‘"‘ 1 lenticular 

Under certain conditions, however, tabular units mav*also characteristic of wind deposits. 

219. (Arts. 138 to 130.) the wind, as illustrated in Fig. 

before the unit is buried, so that in the majority of cases tabular cross- 
larmnated units consist only of the foreset laminae sharply truncated at 
the top and tangential or nearly so at the base" (Figs. 2^2^ 213) 

Under conditions of frequently shifting current direction, as along the 
littoral zone, thin layers of sand are cross-laminated in opposite directions 

■ MeKeo (1940: 821; see also 1045a: 1-168), in describing the three fundamental 
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in alternating layers, giving rise to a “herringbone structure” if viewed 
in transverse section (Fig. 214). There usually is sufficient difference in 
the angle of contact at the top and bottom of some of the layers to deter¬ 
mine the general order of succession. If this relation is indefinite, how'- 
ever, the cross-lamination cannot be used as a criterion of top and bottom 
unless associated features such as the coarse or heavy grains mentioned 
in Art. 131 and illustrated in Fig. 209 are discovered. 





C 


Fiq. 209.—Cross-lamination. A. Sketch of cross-lamination in the Cambrian Appin quartzite at 
Loch Leven, Scotland, showing layers of quartz pebbles along the bases of curved forcset laminae. The 
scale b about one-tenth natural sue. {Modified after Vogt, 1930, Oeol. Mag., 67:71, Fig. 5.) B. 
Torrential cross-lamination in recent deposits in Calabria, southern Italy. Thick horbontal layers 
alternate with still thicker beds in which the laminae incline consbtently in the same direction. {After 
Hobbt, 1906, Bull. Oeol. Soe. Am., 17: 291, Fig. 2.) C. Torrential cross-lamination with heavier and 
larger particles concentrated at the bases of the inclined laminae. The particles rolled down the steep 
slope of the advancing terrace and were buried by the successive foreset laminae. (Art. 137.) 


According to Cox and Dake (1916: 29), “Cross bedding as developed 
in limestone generally has a lower angle of dip and shows less curvature 
than in sandstone, and is often indeterminate because it cannot be traced 
to its points of contact with the true overlying and underlying bedding 

types of cross-lamination displayed in the Paleozoic rocks of northern Arizona, gives 
a t3T)ical characterization of this type as follows: 

[it] consists essentially of single beds or layers, a few to many feet in thickness, each 
composed of a series of sloping, even, lamination surfaces which dip uniformly from top 
almost to bottom of the layer. Near the base the degree of slope gradually lessens until the 
lower surface of the bed becomes tangent to the curve formed by the lamination. This 
type of simple structure pattern has in many places been developed so extensively that 
successions of identically sloping laminae may be traced for as much as six hundred yards 
within single beds or layers. 
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planes.” In many limestones, however, the cross-lamination shows no 


essential difference from that 
in sandstones and is fully as 
clearly developed (Figs. 213, 
215). 

Formations of granular 
sedimentary materials depos¬ 
ited under conditions of rapid 
scouring and filling have a 
characteristic “choppy” struc¬ 
ture composed of successively 
overlapping, irregularly len¬ 
ticular units that are strongly 
cross-laminated. In these 
units, which commonly repre¬ 
sent only the lower parts of 
the original complete form, 
the laminae have pronounced 
concavity, a well-developed 



Flo. 210.—De/ormcd cross-lair.ination in the Pre- 
Cambrian Seine scries on the north side of Shoal Lake, 
Canada. Some of the foresets arc inclined as much as 
60®. Since primary foresets do not exceed 33 or 34®, 
that inclination being the angle of repose for sand in air 
and slightly in excess of the figure for water, it follows 
that those shown in the diagram have been deformed. 
In spite of the deformation, however, the concavity of the 
laminae and the top-side truncation provide reliable 
criteria for determining the top of the cross-laniinatcd 
layer. The pocket knife indicates the scale. (Arts. 
137, 139.) {Adapted from Merritt^ 1934, Bull, QtoL Soc. 
Am.. 46 : 365, Platt 40A.) 


tangency with the lower surface on which they rest, and a sharp transec¬ 



tion at the top (Figs. 210, 216, 
217). 

Lahee (1941:82) describes 
and illustrates a type of cross- 
lamination much like that just 


Courttay of J. t). Allan 

Flo. 211.—Cross-lamination in the Lower 
Cretaceous McMurray tar sands of northern 
Alberta. The tope of the forcset laminae are 
sharply truncated by the overlying hori- 
sontally stratified layer. The width of the 
area shown is about 75 cm. (30 in.). (Arts. 
137, 130.) 


Fio. 212.—Cross-laminated glauconitic sandstone 
in the Upper Cambrian Franconia formation of 
western Wisconsin. The forcset layer is about 65 
mm. (2.2 in.) thick. The foreset laminae them¬ 
selves are sharply truncated at the top but asymp¬ 
totic at the base. Cross-lamination is common in 
glauconitic sandstones the world over. (Art. 139.) 


discussed which he calls “compound foreset bedding” and ascribes 
to construction on a delta where “ . . . adjacent lobes interfere in 
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such a way as to cause the building of foresets dipping now in one 
direction and now in another.” [See also Davis (1890: 195-202), Smith 
1909:437), and Twenhofel (1932:443).] Similar cross-lamination has 
been reported from the Parting quartzite by Singewald (1931: 404-413) 
and from the Coconino sandstone by McKee (1940:821-822; 1945). 
It has also been observed in the Horton-Windsor elastics of Cape Breton 
Island and in Pleistocene sand-plain deposits (Figs. 216, 217). 




Fia.^ 213. ^ Cross-lamination in limestone. Limestones exhibiting cross-lamination are clearly of 
detrital origin since granular sediments are required for development of the structure. Recrystalliia- 
tjon of the rock has obliterated the outlines of individual detriul particles, but weathered surfaces of the 
specimens show strong]}' inclined foreset laminae. In specimen A two prominent layers are without 
lamination. Specimen B shows foresets dipping at different angles and in several directions. Indi¬ 
vidual laminae in the two specimens range in thickness from 0.1 to 6 mm. and are fairly consistent as to 
thickness m any individual bed. (Arts. 137. 139.) {SkUehtt baaed on specimens in the Sedimentation 
Collection of Harvard Vniternljj.) 

The cross-lamination of aeolian deposits is characterized by interlock¬ 
ing units of wedge or polyhedral shape and is likely to be complex, with 
the laminae dipping in every direction* (Figs. 207, 218). Under certain 

^ McKee (1940: 823) describes this type of cross-lamination, as displayed in the 
([Coconino sandstone (Permian of Arizona), and, in a pertinent discussion (quoted 

below), compares it wth the two types of aqueous cross-lamination developed in 
associated strata. 


A comparison between the cross-lamination in the Tapeats, Supai, and Coconino sand¬ 
stones brings out differences that apparently are significant. In the first place, the Coco¬ 
nino structure consists entirely of sloping surfaces that form a pattern on each cliff face 
resembling many truncated wedges and it is devoid of flat-lying or horizontal layers that 
contain sloping laminae between top and bottom such as characterize both Supai and 
Tapeats cross-lamination in most localities. In the second place, the maximum dip found 
in the laminw of the Coconino sandstone is about 33*. whereas no clearly established 
examples in either of the other deposits are known to exceed 27® or 28®. Finally some of the 
low-angle slopes in the Coconino show a direction reverse to the normal. This probably 
means that they represent either depositions! or erosional surfaces on the windward sides 
of the dunes, whereas in the two water-deposited types of sediment discussed, both depoai- 
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Fio. 214.—HerrinRbone crass-lamination in basal Potsdam sandstone of eastern New York Tbe.sketi li 
at the right of the photograph indicates the cro.s.s-lainination that can be observed in tlie sandstone 
The [wnknife indicates the scale of the bedding. Under conditions of frequently shifting bottom cur 
rents, thin layers of sand are cross-laminated in oppasite directions in contiguous'bed.-^. Such a succes 
Sion if cut transversely pre.senta a herringbone apiwarance. The foreset laminae in .successive layers 
show angular or asymptotic contact at the base; they always exhibit marked truncation along the 
upper boundary. (Art. 139.) 


conditions, however, water-deposited sands may locally show typical 
“aeolian” cross-lamination, as pointed out by Twenhofel (1932:84), 
and wind-deposited sands may have tabular cross-laminated units as 


illustrated in Fig. 219. However, 
it should not be difficult to deter¬ 
mine the top of the cross-laminated 
formation by observing the angles 
of contact of the inclined laminae 
(See footnote, page 243). 

An unusual type of cross¬ 
lamination designated “festoon 
cross-lamination" has been re¬ 
ported by Knight (1929:5(>-74: 
1930; 80) from the Casper and 
Fountain .sandstones of Wyoming. 
Its formation is clo.sely related to 
the scouring and filling actions of 
marine currents and is stated to 
be the result of “ (1) the 

erosion of plunging troughs hav¬ 
ing the shape of a quadrant of an 



Kio. 215.—CrosB-laminafion in a 6nc-gruincd 
Paleozoic limestone. The weathered joint Hurfacc 
shown is ciwentially i»criwiidicular to bedding. If 
13 not noficeablo that the curved forewt laminae are 
predominantly concave upward. Tlie sixscirncn 
IS about three-fourths natural size. (Art. 139.) 

elongate ellipsoid; (2) the filling of 


tional and eroaional surfaces appear only a.s horizontal planes when not developed on 
loreaet slopes, * 

Students wishing to analyse statistically the cross-lamination of a given formation 
\Mll nnd an excellent ginde in a paper by Roiche (1038: 905-932), 
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the troughs by sets of thin laminae conforming in general to the shape of 
the trough floors; (3) the partial destruction of the filling laminae by 
subsequent erosion, producing younger troughs” (1930: 86). 

140. Magxitudk. —Cross-lamination ranges in magnitude from tiny 
units in silts and fine sands, visible only under the microscope, to single 
units several tens of meters thick in coarse sands and gravels.^ The 
larger units are usually either of aeolian origin or the foresets of deltaic 



tiQ. 2J6. Choppy cro?;s*la nil nation in a sancistone of the MissU^ippian Horton sciies of Nova 
Scotia, showing curved wc<lce-shft|>e<l units produced by scour-and-fill action. The current flowctl 
consistently from right to left. Tlic .section at the left b perfwndicular to that at the right. In thU 
type of cross-lamination most of the curved laminae are concave upward. (Art. 130.) 


deposits. Their steeply dipping laminae must be carefully distinguished 
from folded beds if they are seen only in limited exposures.^ In general, 

* Belyea and Scott (1935: 228) describe and illustrate microscopic cross-lamination 
from the 10,000-m.- (30,000-ft.-) thick Pre-Cambrian Halifax formation of Nova 
Scotia, and farr (1935; 1*188) reports similar structure in the Pleistocene concretionary 
shales of the ( ormecticut Valley. On the megascopic side Twenhofcl (1932: 022, Fig. 
75) reproduces a photograph by E. L. Estabrook showing giant aeolian cross-lami¬ 
nated units as much as 10 m. thick in Mesozoic sandstone of the northern Shensi 
Province, China (Fig. 19). 

* If cross-lamination is mistaken for normal bedding, as it might well be in large, 
isolated segments of a delta, the thickness estimates will be greatly in error and the 
orientation of the strata incorrect, as pointed out by Corbett (1937: 89-94). It 
might well be further noted that inasmuch as there is a variety of cross-lamination 
and bedding in recent deltas such as the delta of Fraser River, as pointed out by 
Johnston (1922: 115-129), large bodies of sandstone showing confusion of bedding 
may well be parts of ancient deltas. 
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however, cross-laminated units are rarely more than a meter or two thick 
and hence can be viewed in their entirety. 

141. Use as a Top and Bottom Criterion.— -There seems to be no 
certainty as to when or where geologists first recognized the true signifi¬ 
cance of cross-lamination and that it could be used to determine the top 
or bottom of a stratified succession. 

Cox and Dake (1916: 26) state: "About 1910 Professor Smythe in a 
conversation mentioned the fact that Professor Davis had used this 
criterion for many years with classes in the field. This is the earliest 


account of its use the writers have 
been able to find.” Lament (1940: 

1016-1017), however, in an article 
entitled “First Use of Current-bedding 
to Determine Orientation of Strata,” 
discusses the revision by Shackleton 
(1940: 1-12) of the structure of Silu¬ 
rian and Devonian rocks in Eire point¬ 
ing out how that investigator, using 
the truncated tops and asymptotic 
bases of current-deposited laminae, 
determined the correct order of suc¬ 
cession, which, while at variance with 
currently held interpretations, clearly 
vindicated the conclusions reached 
some 80 years earlier by geologists 
who had insisted that certain beds 
were upside down. It seems that 
some geologists of that earlier day 
were well aware of the significance 
and use of cross-lamination, for as early as 1864 Kelly (1864: 
156-158,161-163, Figs. 1-2, Plate 9) described and published illustrations 
of the structure. Kelly was certainly one of the first to recognize and 
use the feature, and he concluded that, by using it, "... it may be 
known where steep dips or complex contortions present themselves, 
whether the original upper side of a bed is still uppermost, or whether a 
group of beds has been overthrown and turned upside down, as is some¬ 
times the case. * That the significance of cross-lamination was known 
at the same time by other geologists is clearly shown by an additional 
statement of Kelly (1864): "these facts were known by Mr. Patrick 
Ganley, who made numerous drawings of this kind of lamination about 
Slea Head for Sir Richard Griffith.” 

As a matter of further historical record, there is the fact that, although 



Flo. 217.—Current-bedded or crotw-laininatcd 
Band and gravel in a Pleistocene delta plain, 
showing characteristic lenticular units com¬ 
posed of laminae that are dominantly concave 
upward. This tyjw of cross-lamination is 
produced by rapidly shifting currents that 
Bcour out channels and then backfill them 
with coarse sedimenU. This illustration 
should be compared with Fig. 218. (Art. 
130.) {After Millt, 1003, Am. Qeologiat, 32: 
162-170, Plate 2ZA.) 
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Fio. 219 
Mich. 1 

succession of strata in Scotland 

geologists to be right side up until they were shown the significance and 
use of cross-laminat 


beach-dune deposit along Lake Michigan at Muskegon, 
id transporting sand along the beach. (.\rt. 139.) 

hich had been assumed bv Scottish 


ion in structural investigations [Vogt (1930: 68-73) 
Tanton (1930: 73-76); Bailey (1930: 77-92)]. 
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Cross-lamination is one of the most widespread and best developed, 
and fortunately one of the most reliable, of all top and bottom structures; 
and because it occurs in all kinds of detrital rocks, ranging in age from 
early Pre-Cambrian to latest Pleistocene (Fig. 220), it has been used by 
geologists everwhere and is described and illustrated in all modern 


textbooks of structural geology, 
stratigraphy, and sedimentation. 
No attempt is made here to list a 
complete bibliography, but the 
few references given vnW serve as 
an adequate beginning list for any 
student who desires to pursue the 
subject seriously^. 

142. False Cross-lamination. 
Spurr (1894: 43-47) has described 
a type of apparent cross-lamina¬ 
tion associated with, current rip¬ 
ples that seems to have been 
formed by deposition (Fig. 61). 
Woodworth (1901:281-283) has 
described how mica flakes, set¬ 
tling on the forward or lee slopes 
of current-ripple ridges, may, as 
successive sand layers accumulate, 
give rise to cross-banding inclined 
to the true stratification (Fig. 60); 
(Art. 68). Davis (1918: 284-285) 
describes and illustrates a type of 
false bedding, resembling cross¬ 
lamination, in the Franciscan 
chert of California and believes it 
may be due to scouring by cur¬ 
rents that deposited the original 
siliceous material of the chert. It 



Fio. 220.—Croaa-lamlnation in a drill core. The 
rock, composed of fine-grained sand with laminae 
and plates of carbonaceous matter, is typical of 
upper Paleozoic sedimentation throughout North 
America. The core b 67 mm. (2>i in.) in diameter. 
(Art. 141.) 


is possible that this peculiar bedding was made in radiolarian debris that 
later was redissolved and redeposited to become chert, though this seems 
unlikely. There is also the possibility that the structure was formed by 


»Spurr (1894:43-47); Jaggar (1894:199-201); Gilbert (1899:135-140); Wood- 
worth (1901:281-283); Grabau (1907:296); Sorby (1908); Bailey (1930:77-92); 
Vogt (1930:68-73); T^venhofel (1932:618-623); Allison (1933:125-144); Merritt 
(1934:333-374); Thompson (1937:723-751); McKee (1938a: 77-83; 1939: 64-81* 
1940: 811-824; 1946a: 38-61); Reiche (1938: 905-932). 
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penecontemporaneous deformation. In any event the structure does not 
seem to be one that can be used for top and bottom determination. 
McKee (1938: 81) recently described and illustrated a similar structure 
from Colorado River flood deposits of the Grand Canyon (Fig. 221). 

All these structures, though resembling cross-lamination, were formed 
in entirely different ways and cannot be used in the same way as cross¬ 
lamination for top and bottom determination. 

Although true cross-lamination is limited to detrital sedimentary 
rocks, it is possible that a thick formation of mudstone composed of suc¬ 
cessively overlapping mudflows might have a crude type of lamination or 
bedding transverse to the true stratification. 



Courttiy of E, D* McKee 

a alotiR the Colorado River showing lee-side concentraUon 

V cross-lamination. Compare with Fig. 52B. 

(Arts. 68. 142.) {After McKee, 1938. Jour. Sedimentary Peirology, 8: 81, Fige. Ac, Ad.) 


Fuller (1931a: 282-286) and Hoffman (1933: 189) have reported an 
unusual type of cross-bedding” in flow breccias produced when basic 
lavas flowed into water (Art. 231). 

143. Imbricate Structure within Conglomerates.—Imbricate arrange¬ 
ment of tabular pebbles is a common structure in river-laid rubble and 
gravel deposits, both ancient (Fig. 222) and modern, and may also occur, 
though probably rarely, in beach deposits. In this structure made by 
platy fragments and pebbles that are considerably longer and broader 
than thick, the long axis of the pebble dips upstream since in that position 
the fragment offers least resistance to the current. Hence in stream 
gravels the pebbles are shingled upstream, whereas in beach deposits 
they are imbricated seaward and down the slope of the deposit [Bairell 
(1916: 357); Lahee (1931: 93-94); Twenhofel (1932: 210)]. 

Becker (1893: 53-54) fully explained the formation of imbrication as 
follows: 


If a flattened pebble is dropped into a running stream, the water will exert a 
pressure upon the stone until its inertia is overcome, and during this time the 
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pebble will tend to swing across the current so as to present its greatest area to 
the pressure. As soon as the resistance due to its inertia is overcome, the pebble 
will sink through the water as if the fluid were at rest till its edge touches the 
bottom, and it will then tip down stream till it meets support. . . . Many pebbles 
thus deposited will, mth few exceptions, be inclined down stream [t.e., they will 
dip upsiTeam]^ and will rest against one another, like overlapping tiles. 

This relation explains the fact that both in modern streams and in the ancient 
river channels containing . . . gravels, many of which have been tilted since 
their deposition, the pebbles . . . “shingle up stream,” or . . . “imbricate” 
toward the source. . . . 



Fio» 222.—Imbricate structure m conglomerates. Diagram showing prominent imbrication of platy 
fragments along the top of a gravel layer in Pennsylvanian Wamautta elastics near Attleboro, eastern 
Masaachuaetta. It La to bo noted that the bases of the gravel layers are relatively even because the 
first pebbles to bo rolled into place traveled over the smooth surface made by the underlying sand. 
Flat pebbles like those showing the conspicuous imbrication can be rolled along the bottom easily if 
turned so as to behave as upright disks in the current. When they fall over, they are likely to assume on 
imbricate relationship: for this is the moat stable under conditions of strong bottom currents. Compare 
with Fig. 223. (Art 143.) 

On beaches pebbles are sometimes imbricated for a few feet in one or another 
direction and sometimes lie nearly flat. The constant reversal of the currents 
due to breaking and retreating waves prevents any extensive methodical arrange¬ 
ment, and this fact is of assistance in discriminating marine gravels from river 
deposits. 

Imbricate structure in conglomerates has been reported from Pre- 
Cambrian rocks in Canada [Pettijohn (1930:586-573) and Grout 
(1932: 278)], from Cambrian beds of the Rocky Mountains, from Devon¬ 
ian sandstone of England [Barrell (1916:357, 371)], and from Tertiary 
deposits in British Columbia [Johnston (1922:387-390)], to cite a few 
typical examples. Many other examples could undoubtedly be found if 
geologic literature were examined thoroughly. 

The importance of imbricate structure as an indication of bedding is 

» Becker undoubtedly meant that the pebbles would dip upstream when they came 
to rest. 
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discussed in Art. 7. It may also have a use in structural work, as 
pointed out by Pettijohn (1930: 571), who found that 

. . . strike readings obtained from the arkosite and boulder beds differed from 
readings obtained from the common orientation of the elongate pebbles, particu¬ 
larly the flat pebbles of green schist, within the conglomerate beds. A careful 
study proved this to be due to an overlapping arrangement of the pebbles at the 
time of the deposition of the fragments. The line of common orientation clearly 



Flo. 223.—Imbricate arrangement of pebbles in a Pre-Cambrian conglomerate. The sketch shows the 
arrangement of particles in a single ^bble band. The crosslined pebbles are composed of greenstone 
and green schLst; the others are granite. The mapping of imbricate pebbles is illustrated in Fig. 224. 
(Art. 143.) {Modifitd after Pettijokn, 1930, Jow. Geology, 38: 672, Fig. 4.) 


makes an angle with the top and bottom of the boulder bed as determined by the 
contact with the arkosite bands above and below. This angle varies, in many 
cases attaining from 35 to 40°. The relations between the two were represented 
on the structure maps by a symbol devised for the purpose: -v. The long line 
represents the true strike; the short line represents the apnarent or false strike. 
This relationship proved useful in determining the major geologic structures, 
for it is clear that if the positions of the top and bottom were reversed by folding, 

the strike of the pebbles must show a dif¬ 
ferent relation to the strike of the beds, 
even if the folding were isoclinal and the 
limbs remain parallel. . . . 

(See Figs. 223, 224.) 

It should be pointed out that the 
imbricate arrangement just described 
can be used to determine repetition of 
beds in folding and the trend of the 
folds but cannot be used to determine 
the top or bottom of the bed in which 
it occurs. This must be established 
by other criteria. 

There are also other limitations 
to the use of pebble imbrication. 
The direction of imbrication must be constant to prove that the contain¬ 
ing bed has structural unity; the layer sho\ving the imbrication must be 
cut in such a way that the inclined pebbles are viewed from the side'j 

1 Pettijohn (1930: 572) states in this connection: 

It IS to be noted . . . that no imbricate structure would be seen on the planed edges oi 
vertical beds if the currents producing such structures had flowed in a direction approxi- 



y4x/S of fo/d 



Fio. 224.—Diagram showing two outcropping 
bands of the same conglomerate, one on each 
limb of an isoclinal fold, w*ith imbricate 
structure of the pebbles plotted on each. 
Compare this sketch with Fig. 223. Itnbri* 
cate arrangement of pebbles must be used 
with caution in structural Bold work, as 
pointed out by Pettijohn (1930: 568-573). 
It can be used in determining major structural 
features but is not reliable for top and bottom 
determination. (Art. 143.) (Modified after 
Pettijohn, 1930, Jour, Otology, 38; 571, 3.) 
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and there must be clear evidence that the alignment was produced by 
stream deposition rather than by dynamic pressure. 

144. Shale Chips Overlying Sandstone.—If a sand bottom covered 
by a thin layer of silt and clay is exposed to air, the mud dries and shrink¬ 
age cracks (mud cracks; “sun cracks”) develop. If the layer is relatively 
thin (a few centimeters), the polygonal plates outlined by the cracks 
usually curl up somewhat at the edges so that they are concave upward, 
pulling away from the underlying sand as desiccation proceeds. There 
are also conditions under which the plates may become arched, hence 
convex upward, so that the concavity or convexity of the plates cannot 



Fio. 226.—Sharp^tone layers in shales and sandstones. A. The first mud to be deposited was broken 
up shortly after consolidation, by mud cracking or storm waves, and the fragments were incorporated in 
the base of the shale. If the fragments lay at the top of the shale, their relation would be like that in B. 
B. The upper few laminae of the shale were ripped up and fragmented and the fragments incorporated 
in the base of the sandstone. C. A thin sliale sharpstone layer in the midst of shale. Minute details of 
bedding around the fragments and the relations of the fragments to the contiguous shale laminae may 
indicate which is the top or bottom; on the other hand, top and bottom determination may be impos¬ 
sible. C. A shale sharpstonc layer in the midst of sandstone formed from the fragmentation of an 
original thin layer of consolidated mud. Unless the shale fragments are so oriented as to suggest 
original ripple marks in the sand, or mud cracking in the mud, they probably will prove useless for top 
and bottom determination. Compare with Figs. 165, 166. (Art. 144.) 


be relied upon to determine the top of a bed containing them (see Art. 

120 ). 

Induration may be intense enough to give the dried mud considerable 
coherent strength, so that the original plates may be fragmented and the 
fragments ultimately incorporated in the base of the next deposit as a 
fine sharpstone conglomerate. Such a deposit would be abruptly sepa¬ 
rated from the underlying sand but would form an integral part of the bed 
containing it (Figs. 1G5, 166). Wind or water might also move these 
fragments, eroding them during transport, so that when finally buried 
(perhaps some distance from their source) they would all be rounded to a 
greater or lesser extent [see Cox and Dake (1916: 37-50); Lahee (1931: 52 
-53); Twenhofel (1932: 685-692)]. (Fig. 225.) 

A thin sharpstone conglomerate such as that just described would not 
be found at the top of a shale bed, for the plates would probably not 
separate from the mud bottom. If they did, they would be incorporated 

mately normal to tho present fold. The use of this structure in mapping . . . then, 
depends on the fact that the currents ran obliquely across the present structures or oven 
parallel to the fold axes. 
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in the base of the overlying bed. If the incoming sediment were sand, 
the shale chips would mark the base of the sandstone. On the other 
hand, if the incoming sediment were mud, the plates might or might not 
be conspicuous, but in any case they would not have top and bottom 
significance if they lay \vithin a bed of shale rather than near the top or 
bottom. Plates not buried by some type of sediment immediately after 
submergence would quickly lose their identity by slaking to mud (Fig 
225). 

146. Features Produced by Penecontemporaneous Deformation.*— 
Many sandstones, shales, and limestones contain anomalous structural 
features—faults, contorted layers, and brecciated beds. From their 
internal structure and external relations, these fall into two types: (1) 
those formed prior to consolidation and induration of the sedimentary 


> Many examples of penecontemporaneously deformed bodies and layers of 

sedimentary material have been described and Ulustrated in geologic literature. In 

most of them the areas over which particular structures can be studied are restricted, 

so that the full development of the feature and the shape and size of the deformed mass 

cannot be determined. Only a few of the more recent articles dealing with these 

structures are listed here; excellent bibliographies are given in some of the references 
cited. 

Bailey, E. B., L. W. Collet, and R. M. Field, 1928, Paleozoic submarine land¬ 
slips near Quebec City, Jour. Geology, 36: 577-614; Bailey, E.^B., and J. Weir, 1933, 
Submarine faulting in Kimmeridgian time: East Sutherland,' Royal Soc. Edinburgh 
Trans., 67(2): 429-467; Carruthers, R. G., 1939, On northern glacial drifts: some 
peculiarities and their significance, Geol. Soc. London Quart. Jour., 96:299-333; Earp, 
J. R., 1938, The higher Silurian rocks of the Kerry district, Montgomeryshire, ibid., 
94:125-160; Fairbridgb, R. W., 1946, Submarine slumping and location of oil 
bodies, Bull. Am. Assoc. Petroleum Geologists, 30; 84-92; Hadding, A., 1931, On sub¬ 
aqueous slides, Lunds Geol. Min. Inst., Medd. No. 47:377-393 [Geol. foren. Stockholm 
Fork., 63(4), No. 387:377-3931; Henderson, S. M. K., 1935, Ordovician submarine 
disturbances in the Girvan district, Roy. Soc. Edinburgh Trans., 68(2): 487-509; 
Jones, O. T., 1940, The geology of the Colwyn Bay district: a study of submarine 
slumpmg durmg the Salopian Period, Geol. Soc. London Quart. Jour., 96:335-382; 
Kent, P. E., 1945, Contemporaneous disturbance in lacustrine beds in Kenya, Geol. 
Mag., 82: 130-135; Leith, C. K., 1923, “Structural Geology," pp. 223-233, Henry 
Holt and Company, Inc., New York; Lippert, H., 1938, Gleit-Faltung in subaqua- 
tischen und subaenschen Gestein, Senckenbergiana, 19; 355-374; Miller, W. J., 1922, 
Intraformational corrugated rocks. Jour. Geology, 30: 587-610; Nevin, N. M., 1942, 
“Principles of Structural Geology," pp. 186-204, John Wiley & Sons, Inc., New York; 
Reis, O. M., 1910, Beobachtung ueber Schichtenfolge, Geog. Jahresber. Muenchen, 
22:1-285; Rettger, R. E., 1935, Experiments on soft-rock deformation. Bull. Am. 
Assoc. Petroleum Geologists, 19: 271-292; Rice, R. C., 1939, Contorted bedding in the 
Tnas of N.W. W^rral, Liverpool Geol. Soc. Proc., 17 (iv): 361-370; Twenhofel, W. H., 
et al, 1932, Treatise on Sedimentation, pp. 739-752, The W'illiams & Wilkins Com¬ 
pany, Baltimore (see also table of textbooks, Chap. I, pp. 22-23, and Index to Refer¬ 
ences, Chap. VIII). 
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material (i.e., by penecontemporaneous deformation); (2) those formed 
after lithification, hence of secondary origin. 

It is of the greatest importance that these two types of structural 
feature be recognized in the field to avoid errors caused by confusing one 
vnih the other. Leith (1923:228-233), Rettger (1935:291), Lament 
(1938), Lahee (1941:188-194), and Nevin (1942:186-189), among others, 
have discussed the characteristics useful in differentiating the two types 
and have pointed out some of the difficulties involved. Features of the 
first type are considered here; those of the second are discussed in Arts 
266 to 278. 

146. Time and Mechanics of Formation.— Structural features 
ascribed to penecontemporaneous deformation show by their internal 
structure and peripheral relations that they could have been formed only 
by dislocation of loose, incoherent sands and silts, by flowage and folding 
of hydroplastic^ sediments, or by fragmentation of partly consolidated 
sediments.^ It is because the disturbances which produced these fea¬ 
tures took place during or shortly after deposition of the sediments 
involved that the features are here classified as penecontemporaneous 
deformation. 

Penecontemporaneous faulting is a widespread phenomenon in loose 
sands and silts and is likewise commonly preserved in sedimentary rocks. 
Since the dislocation dies out downw'ard and since the disturbed blocks 
are usually truncated above by an erosion plane separating the mass from 
the overlying horizontal layer, it is not difficult to determine the top or 
bottom of the disturbed formation (Figs. 195, 226, 227), 

Flowage and intense folding mark the early part of the deformation 
when the sediments are hydroplastic—soft and so full of water that they 
fail almost entirely as a viscous fluid or plastic solid. Fracturing and 
faulting follow after the materials have been greatly compacted and much 
of the water has been expelled and when, as a consequence, the materials 
fail intergranularly by shear. The earlier type of failure commonly 

gives way to the later in the same rock, show^ing that deformation was 
essentially continuous. 

Intraformational corrugation may run the complete gamut from only 
faint wrinkling to intense overfolding and overthrusting, all within a 


1 The term hydroplastic will again be employed, as defined in the footnote on p. 152 
and used m ^ta. 99 to 103p.c., for those clastic sediments (sands, silts, clays, and 
muds of all sorts) made plastic or highly viscous by their interstitial water. 

Leith (1923: 227) points out that during experimental deformation of soft sedi- 
raente, such as that earned out by Rettger (1935: 271-295), *‘ . . . there is more or 

rr'the 1 ‘he different layers,suggesting a criterion 

for the identification of such structures in the field.” 
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single contorted layer. In such deformation the intensity of folding 
reflects the extent of movement and physical state of the sediment 
involved. Hydroplastic muds and muddy sands can flow readily; con¬ 
sequently they can be amazingly contorted. On the other hand, viscous 
muds and sands although flowing readily do not take on such intense 
plication,^ whereas stiff muds tend to resist intricate folding and sands are 
likely to shear. Therefore, in a sliding mass, starting its movement as 
a semiliquid substance, loss of water and attendant increase of viscosity 
stiffen the sediment, giving it increased strength to resist movement, and 
the mass as a consequence builds up rigidity as it slides until it comes 
finally to rest as a solid and rigid mass even though intricately folded and 
faulted. 



Fio. 226. Diapam UlustratinR penecontemporaneous faultinn of a coal swiuence C. The faulting did 

not involve shale A and took place before the deposition of shale Both sandstones S by and O were 
involved. Such faulting could be the result of near-by channel cutting in sandstone B. by which sup* 
port of the coal ^uence was locaUy removed, causing a block of the sediments to .slide downward 
and laterally. (Arts. 146, 148, 152.) 

Since penecontemporaneous deformation, as considered here, is 
essentially a surface phenomenon affecting sediments at or immediately 
below the land surface or subaqueous bottom, it is highly probable that 
the structures produced will be eroded to some extent before burial. As a 
consequence, such eroded features die out downward, passing into nor¬ 
mally stratified undisturbed beds, and are truncated and buried by similar 
overlying strata (Fig. 229). 

Except for large landslides, subaqueous slides, and similar mass move¬ 
ments, it is probable that most cases of penecontemporaneous deforma- 

* Smith (1916: 146-156) reported a peculiar structure in sandstones that is confined 
to distinct layers. It consists of spheroidal and ellipsoidal or pillowlike masses of 
shale and shaly sandstone in the midst of sandstone layers. The observer believed 
that they , . . are primarily due to internal readjustments of freshly and unevenly 
deposited sediments, acting mainly under gravitation. These readjustments may 
be aided, or started, by the action of strong currents” (p. 154). The structure as 
described and illustrated seems to be too much “balled up” to be of any use for top 
and bottom determination. 
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tion on the scale here considered do not affect sediments to depths 
exceeding a few meters. Movements of surficial materials in subaerial 
environments have been discussed thoroughly in a work by Sharpe 
(1938:1-137), but no similar discussion of subaqueous environments 
seems to have been published.* 

147. Nature, Occurrence, and Use of Features. —Penecontem- 
poraneously deformed bodies of sedimentary materials vary greatly in 



Fig. 227.—Pcnccontemporanpous faulting in sands and silts compo»«ing the Carboniferous Cauihricige 
formation of eastern MassachuseiUi. The heavy horizontal line indicates an crosional unconforiiiity of 
major importance so far as the sequeneo shown in the sketch is concerntMl. Other less important 
unconformities are abo pr(*scnt, indicating that the faulting took place at several difleront times. It 
should be notofl that there is extensive transection of laminao and layers along one border of the faulted 
tone — i.e., along the to|)—whereas faulting dies out toward the other border, or downward. The 
slight arching of the shale laminae in the left-hand block may represent original depositional structure 
to a largo extent. (Arts. 146. 148. 152.) 

size, shape, internal structure, and external relations. They range from 
microscopic faults, folds, and brecciated zones to disturbed and contorted 
masses several meters in thickness and hundreds of square meters in area. 
In shape they are tabular, planoellipsoidal, irregularly domal, ridgelike, 
or lobate. Internally they are contorted or composed of laminar frag¬ 
ments with random orientation. In their typical development they lie 
in the midst of or alternate with undisturbed sediments. They are much 

‘ Features produced by penecontemporaneous deformation on subaqueous bottoms 
are especially typical of shallow-water deposits, both fresh-water and marine, but there 
seems no important reason why similar features might not, under certain conditions, 
be produced at great oceanic depth.s {e.g., by seaquakes and tsunamis). For experi¬ 
mental work on soft-rock deformation, see Rettgcr (1935:271-292), Heim (1908: 
136-157), Hahn (1913:1-41), Lippert (1938:355-374), Jones (1940:335-382, and 
Fairbridgo (1946: 90). 
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more common and widespread than is generally appreciated and are 
present in all common sedimentary rocks—conglomerates, sandstones, 
shales, limestones, coals, salinastones, and silicastones. 

Features in conglomerates are likely to be the result of faulting. 
Both faulted and folded structures are represented in sandstones; the 
former indicate that the sand failed by shear, whereas the latter show 
that the sand contained so much water at the time of deformation that it 
flowed. The flow casts described in Art. 102 are thought to have formed 
in the latter fashion. Shear took place in the flow casts only near the 
end of deformation when the sand, having lost much of its water through 
closer packing, failed intergranularly. The features in siltstones, clay- 
stones, and limestones are likely to be greatly contorted layers, irregular 
planoconvex masses, and brecciated layers or irregular bodies (intrafor- 
mational sharpstone conglomerates). This type of structure is common 
in recent and ancient stream and shallow-water deposits [Knight (1929); 
McKee (1938(i: 81—83)], in Pleistocene and more ancient varved 
shales [Lahee (1914:786-790); Sayles (1919); Tarr (1935: 1500-1501); 
Thiesmeyer (1939, Plate 17); Pettijohn (1943:953-954)], and in clastic 
beds of almost every age widespread over the earth. Coal beds and 
associated layers exhibit certain structural features, both faulted and 
folded, that appear to be essentially contemporaneous with deposition 
(Fig. 39). Some of these are described and illustrated by Stutzer and 
No6 (1940:323^26). Anhydrite salinastones are commonly character¬ 
ized by thin, localized, intensely plicated layers, which unfortunately 
seem to have no use for determining top and bottom (Fig. 228), and the 
same kind of rock in salt domes is often amazingly contorted from flow- 
age. Cherty bands in a few cases show internal corrugations and folds 
that appear to be original structures apparently formed before the 
gelatinous sediment hardened perceptibly. If the chert was hard, it 
fragmented and a brecciated chert layer was then formed. Such a 
brecciated rock was reported by Fenneman, who, in discussing a paper on 
intraformational corrugation by Clarke (1914: 37), stated: “A thick bed 
of cherty limestone in the St. Louis formation is brecciated, though 
included between undeformed beds. Here the chert is so broken as to 
show sharp corners almost splinters, as though the chert was formed 
before the deformation of the bed.’^ 

148. Classification of Features. —Three general categories of 
penecontemporaneous structural features may be recognized if position 
in the affected layer is used as a basis of classification (Fig. 229). 

1. Those developed on or just below the top surface and not affecting 
the overlying stratum. Such features usually are reliable indicators of 
the top side of a bed (Fig. 229.4). 
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2. Those lying within a single stratum or affecting a successsion of 
laminae in a general zone. These internal structures typically die out 
downward into undisturbed rock and have their plication and faults 
truncated on the upper side by an undisturbed layer (Figs. 229B, 232). 
This type of structure provides a reliable top and bottom criterion. 
However, the entire disturbed mass may be discordant with the surround¬ 
ing undisturbed strata; hence care must be exercised in using such bodies 
for top and bottom determination (Fig. 236). 

3. Those limited to the undersurface of a layer and affecting the under¬ 
lying stratum (Figs. 116, 117, 229C). These are usually composed of 



Fiq. 228.—Localized laminar corrugation in a »alina8tonc 8|x^cimen about 30 cm. (12 in ) ion^. Cor- 
rugatiooB of this kind are charactcrtBtic of rocks composed of anhydrite and gypsum and usually are 
UBcribcd to forces produced by recrystallization. It should be noted that the individual zones of cor¬ 
rugation die out laterally and when viewed in cross section arc arranged en ichelon rather than in vertical 
Bucccsston. Folds of thU sort cannot be used to determine tO|>8 and bottoms of beds. (Arts. 147i 152. 
{Specimen in Mineralooiecl Museum of Harvard Universiiy.) 


sand and show by their internal structure, configuration, and relations to 
the underlying rock—always mudstone or shale—that they formed from 
a layer of water-filled sand which adjusted itself to the corrugations pro¬ 
duced by flowage in the differentially loaded underlying hydroplastic 
mud. Careful study of this type of contemporaneously formed structure 
usually reveals characteristics that can be relied upon for top and bottom 
determination (Arts. 99, 102). 

The commonest structural features of the three foregoing categories 
may be classified under the following types for purposes of description 
and illustration: 

1. Linear surface folds and fault scarps obviously formed before the overlying 
undisturbed bed was deposited (Art. 150; Figs. 220A, 230) 

2. Faulted layers in which the faulting dies out downward and the adjacent blocks 
are transected above by an erosion plane overlain by an undisturbed stratum 
(Art. 151; Figs. 226, 227) 
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3. Contorted and brecciated layers of essentially uniform thickness between 
parallel undisturbed beds (Art. 152) 

4. Contorted and brecciated, planoconvex or irregular masses of variable thickness 
and local extent lying between and surrounded by undisturbed beds (Art. 153; 
Figs. 229A, 236) 



tio. 229. Comp&r&tive diagrams sliowiriK examples of iitlrafoniiational corrugation produced by 
penecontemporaneous deformation. A. Corrugated shale-sandstono bed between undisturbed sand* 
stone layers in the rocks directly overlying the Squantuni tillite on Squaiiturn Head, eastern Massachu¬ 
setts. The folds were truncated before the overlying sand was deposited. Downward the folds die 
out without involving the underlying sandstone. B~D. Diagrams showing nature of intraformational 
corrugation in three different parts of a 7-ft. (2.3-m.) bod of alternating limestone and shale laminae in 
a Devonian formation at Cape Gasp4. Quebec. It b possible that thb deformed bed was produced by 
postdepositional faulting rather than by penecontemporaneous sliding. B. Diagram showing a folded 
layer of Ordovician limestone pebbles embedded in fine-grained limestone. The limestone beds above 
and below the folded layer are undbturbed. The pebbles are algal bbcuits that originally lay flat 
on the bottom in the midst of calcareous mud. They were thrown into the folds shown when the enclos¬ 
ing mud slid downslope (see Brown (1913:241-244)]. F. Corrugated laver of black-streaked silt- 
stone Ijdng between undbturbed layers of sandstone. The folds arc truncated above and die out 
downward before involving the sandstone. (Arts. 148. 152, 153.) (A diafframmatie. B~D modified 
after Logan. 1863. "Geologg of Canada." pp. 391-392. Fig. 425. E modified after Broun, 1913. /our. 
Geology, : 241-244. Fig. 4. F diagrammatic and baaed <m a apecimen in the Sedimentation Collection of 
Harvard Vniveraity.) 

5. Landscape marble and similarly churned-up strticture, thought by some 
investigators to have been formed penecontemporaneously by gases rising 
through somewhat viscous mud (.\rt. 154; Fig. 239) 

6. Flow casts confined to the undersurface of layers and formed by sand sinking 
into soft plastic mud (.\rts. 102, 156) 

7. Structures in frozen ground—head, warp, trail and underplight, etc. (Art. 103; 
Fig. 120) 

149. Top-surface and Internal Features. —Under certain condi¬ 
tions, masses of subaerial and subaqueous sediments suddenly lose their 
stability and slide down slopes for some distance, becoming folded and 
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faulted in the process.^ Such movements have been given many different 
names (creep, landslide, mudflow, slump, subaqueous gliding, solifluction, 
etc.) and have been recognized by many investigators. Sharpe (1938: 
1-137) has discussed in considerable detail how the mechanism operates 
and what features it produces on the present surface. A host of others, 
both in North America and abroad, have described and illustrated 
examples now preserved in formations as old as Pre-Cambrian and as 
recent as yesteryear (see Chap. VIII, Bibliography). 

Bodies of sediment disturbed by creep and subaerial landslide have 
little chance of burial and are not considered further here. On the other 
hand, bodies that originated through subaqueous sliding are commonly 
preserved, and a careful study of their internal structure and external 
relations to the enclosing rocks usually reveals characteristic features 
which can be used to determine not only the top of the deformed mass but 
also the direction in which it slid. It should be noted in passing that 
muddy sediments, sliding subaqueously on gently sloping bottoms, provide 
a possible mechanism for transporting large blocks considerable dis¬ 
tances from sea cliffs, subaqueous fault scarps, etc. [see Moore (1934: 432 
-463)]. Ancient mudflows* and sandflows are preserved in rocks as old 
as Pre-Cambrian and should be expected in certain kinds of sedimentary 
rocks—deltaic and alluvial fan deposits, among others—of all ages. 

160. Linear Top-surface Folds and Faults .—Some sedimentary layers 
contain features on the top surface or affecting the upper few centimeters 
or meters which show, by their relations to the stratum directly overlying, 
that they were formed while the sediment was still soft and before the 
overlying layer was deposited. 

Linear folds and tiny fault scarps of a few centimeters in height and 
several meters in length are common in the Silurian Kokomo limestone at 
certain places along the Wabash River below Peru, Ind. These are 
disposed parallel to the strike of thinly laminated argillaceous and 
dolomitic limestone layers, which dip from 2 to 5® with what appears to 
be the original inclination (Fig. 230). 

They are believed to have been formed as a result of slight down-dip 


* If hydroplastic sediments lying on a slope of a few degrees are suddenly jarred, 
as they would be during an earthquake, the internal cohesion of some parts is reduced 
and masses of the sediment slide down the slope, usually only a short distance. Partly 
inundated sediments soaked with water, as after prolonged or intense rainfall, may 
respond in similar manner. There is high probability that subaqueous sediments on 
bottoms sloping more than 2 or 3° will undergo some slipping and sliding before or 
soon after burial. 

* Blackweldkk, E., 1938, Mudflow ns a geologic agent in semiarid mountains, 
Bull. Oeol Soe. Am., 39: 465-484. 
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thrusting of a few of the upper laminae. The thrusting may have been 
induced by a shock such as an earthquake might produce, with deforma¬ 
tion possibly localized along a preexisting fracture, shrinkage crack, or a 
similar line of weakness. The folds commonly exhibit overturning and 
overthrusting down the dip and appear to have formed so soon after 
deposition that the calcareous muds had undergone little consolidation. 
Ihey were formed at the surface, as evidenced by the fact that covering 
laminae end against their flanks or arch gently over them. The folds 
themselves do not extend downward into the underlying laminae more 



‘he Silurian Kokomo limestone near Peru. Ind. The fold was formed 
While the laminated calcareous muds of the bottom were still soft enough to yield readily. It was 
covered the succeeding laminae, which abut against and pass over it without appreciable 
delormation. The down-dip thrusting may have been induced by an earthquake shock. Urge masses 
01 contorted and brecciated laminae, thought to represent slumped bottom materials, are pre.sent in the 
(Ar'ta 148^15oV* Kokomo, some 18 miles away (see Cuinings and Shrock (1928: 118-120. Fio. 29)1. 


than 6 or 7 cm., and the total width of the fold seldom exceeds 30 cm. 
(12 in.). 

Linear ridges of this sort should furnish a reliable clue to the top 
surface of steeply folded layers and should be looked for in laminated 
shales and argillaceous limestones. Care should be taken, however, not 
to confuse them with secondary drag folds (Art. 268). 

161. Deformation by Glacial Overriding ,—Glaciers riding over till, 

soft alluvium, lacustrine clays, and similar sediments greatly disturb the 

surficial part of a deposit, producing intense folding and faulting in the 
material (Fig. 231). 

Stutzer and No6 (1940:375-379, 409-All) describe and illustrate 
numerous cases in which Pleistocene ice sheets in northern Germany 
greatly deformed the brown coal beds and associated strata which were 
near enough the surface to be disturbed by the weight or shove of the ice. 
Although there seem to be no reported cases of glacial disturbance of 
ancient coals in the geologic column, many glacial sediments of Pleistocene 
age or older appear to have undergone such deformation. For example, 
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Johnston (1915:43, Plate 8) describes a case of deformation by glacial 
overriding near Ft. Frances, Ont., where a much contorted zone of sand 
directly underlies a till deposit, and the author has observed many 
contorted beds in both the Pleistocene clays of Wisconsin and Carbon¬ 
iferous Squantum tillite complex, which may be traced at least in part to 
the same cause (Fig. 231). 

The Squantum tillite complex of Massachusetts, contains many 
highly disturbed beds of shale and sandstone that show effects of glacial 
overriding. Some of these represent disturbed sediments that were 
exposed to erosion long enough for many of the plications to be truncated, 



Fio. 231.—Deformation of al&tial clays by overriding ice. A. Vertical bods of the CarboniferouM 
Squantum tillite of eastern MasBachusetts, showinit two layers of highly contorted shale between layem 
of till. It is to be noted that deformation in the shale beds is most intense in the up{>er part ami dies out 
downward. B. Highly folded Pleistocene varved clay as Been in the 2-in. (d*ft.) wall of a pit on the 
top of Bascoin Hill on the campus of the University of Wisconsin at Madison, Wis. The icc moved 
from right to left (north to south). The folding of individual varves is much more intricate than can 
be shown on a diagram of this scale, (Art. 151.) 

so that normally bedded strata or irregular beds of till now rest uncon- 
formably upon the old erosion surface. No difficulty arises in deter¬ 
mining the top side of such a deformed zone. Many of the contorted 
layers, however, show no truncation or show it along both margins. 
These are shale and sandy shale layers, a few centimeters thick, that show 
an intricately contorted structure apparently formed by flowage of 
hydroplastic sandy mud that was unequally loaded. Slight differences in 
the weight of the overlying material, in this case bouldery till or glacial 
ice charged with debris, were sufficient to cause flowage of the easily 
deformed mud. The deformed masses themselves range in thickness 
from less than a centimeter to half a meter, and some show truncation of 
the plications along both upper and lower surfaces. Other contorted 
layers are intermixed along their margins with the contiguous sediments 
in such a manner that no sharp separation between contraposed materials 
is apparent. Lacking the characteristic top truncation, these contorted 
layers cannot be relied upon for top and bottom determination. 
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A provocative paper by Carruthers (1939: 299-333) on the mechanics 
of deposition in a melting glacier suggests an alternate method by which 
certain of the foregoing structures might have been produced and deserves 
serious consideration. 

162. Faulted and Contorted Layers .—Many sandstone, shale, and lime¬ 
stone formations and many more sequences of sands, muds, and cal- 



Flo, 232.—Penecontemporaneous deformation in elastics associated with the Carboniferous Squantum 
unite of eastern IVIassachusetts, The specimen, taken from vertically dipping strata on Squantuni 
Headi shows a 50*n\m. (2*in.) layer of deformed sandy shale between undisturbed sandy layers. The 
deformation, which took place while the sedimenta were soft, did not affect the lowest part of the layer. 
The tope of the folds were eroded off before sand deposition was resumed. The truncated side of the 
disturbed layer is the top, (Arts. 148, 152.) 


careous sediments contain thin, faulted, and contorted layers, which are 
unusually conspicuous because they lie between essentially parallel and 
undisturbed layers. As a rule such disturbed beds do not differ greatly 
in lithology from the contiguous strata. 

The general nature and practical use of penecontemporaneous faulting 
is discussed in Art. 146; hence it is sufficient here merely to note that if 
the faulting dies out in one direction across the beds and is cut by an 
unconformity in the opposite direction, it provides a reliable top and 
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bottom criterion (Figs. 226, 227). It is the author’s conclusion that 
features caused by penecontemporaneous faulting do not provide so 
reliable a top and bottom criterion as certain of the contorted layers 
next to be discussed. 

Four general types of contorted layers, not all of penecontemporane¬ 
ous origin, are now widely recognized and may be characterized briefly as 
follows: 

1. Thin layers showing truncation of the internal plications and 
faults along the top side and a gradual downward decrease in the intensity 
of disturbance to basal undisturbed beds (Fig. 229B). This type is 
clearly penecontemporaneous in origin and is the result of deformation 
that took place before the overlying stratum was deposited. Layers of 
this type are reliable for top and bottom determination and are discussed 
more fully in a later paragraph. 

2. Thin, intensely plicated and faulted layers that are bounded both 
above and below by slip planes and are characterized by unoriented 
structural features that could have been formed only by deformation of 
soft sediments caught between oppositely moving horizontal strata. 
Layers of this kind, wliich have no reliable top and bottom significance, 
are, like type 1, also penecontemporaneous in origin, but they were 
deformed at a somewhat later time and after some superincumbent strata 
had been deposited on the layer that is now contorted (Fig. 229F). 

3. Localized contortions, involving only a few laminations and dying 
out laterally in every direction from the area of most intense deformation, 
are characteristic of many laminated salinastones (Fig. 228). They are 
generally explained as the result of laterally directed forces caused 
by recrystallization. Such contorted zones have no top and bottom 
significance. 

4. In certain sedimentary rocks that have been folded or faulted, thin 
contorted beds have been formed from relatively incompetent materials 
caught between oppositely moving beds. The folds that were formed arc 
secondary in origin, of the drag-fold type, and have a genetic relation 
with regional structure. They were formed in rock and possess features 
that are lacking in the folds and faults of type 2. Their use as a top and 
bottom criterion is discussed in Arts. 267 to 273. 

The most common and widespread pcnecontemporaneously contorted 
layers are those of varved clays, silts, shales, and slates. These are 
found in formations of all ages from Pre-Cambrian to Pleistocene and are 
reliable top and bottom criteria if the structural details are clear and the 
containing sediment or rock is well exposed. In typical development the 
contorted layers alternate with parallel undisturbed layers of similar 
material. Within the disturbed bed the contorted laminae show greatest 



270 


SEQUENCE IN LAYERED ROCKS 


deformation toward the top, where they are truncated, and die out 
downward into an undisturbed lamina (Figs. 229C, 232). This difference 
in structure at the top and base makes it possible to determine at once 
which is the top side of the bed and which the base. 

Examples of the foregoing contorted beds are common and widespread 
not only in varved sediments and sedimentary rocks of glacial origin from 
Pre-Cambrian to Pleistocene but also in ancient formations of other origins. 
A few examples of both types are worth brief mention to give fuller infor¬ 
mation on their general characteristics. 



Fio. 233.—Penecont«mporaneous deformation and incomplete ripple marks in a sandstone-shale 
sequence directly overlying the Squantum tillite on Squantum Head. Massachusetts. The division 
in each scale is 10 cm. (4 in.). Layers 1. 2. and 3 contain incomplete ripple ridges; bed 4 contains a 
prominent layer of sand with a sharply defined, smooth base and an uneven top. At one place, sand 
and overlying silty clay seemingly were interfoldcd while both were soft. Bed 5 is dwtinguished by 
conspicuous folds that die out downward but are truncated on top by an almost plane surface. The 
once-continuous laminae of sand appear to have been severed in some instances during the deformation. 
Deformation ob.nously took place before deposition of bed 6. which has essentially the same stratigraphy 
as that in the upper part of 5. In this section, the strata of which are nearly vertical, both incomplete 
70 truncated penecontemporaneous folds provide reliable top and bottom criteria. (Arts. 70. 


Six or eight contorted layers, ranging in thickness from 7 to 30 cm., 
interrupt the orderly succession of varved layers directly overlying the 
Carboniferous Squantum tillite on Squantum Head in Massachusetts 
(Figs. 232, 233). Thiesmeyer (1939, Plate 17) has illustrated similarly 
deformed varved layers from the Loudon formation (late Pre-Cambrian 
or early Cambrian) of Virginia, Pettijohn (1943: 953-954) found deformed 
layers in Pre-Cambrian varved sedimentary rocks at several places in 
Canada, and the author has seen similar beds in the rocks at Kirkland 
Lake, Ont.; Lahee (1914:786-790) and Sayles (1919; 1929), in their 
detailed studies of the Carboniferous Cambridge slate (closely associated 
with the Squantum tilUte mentioned earlier), describe and illustrate 
deformed layers in that seasonally banded formation; and a host of 
writers have discussed the widespread occurrence of contorted beds in 
Pleistocene lacustrine clay deposits the world over. The deformation of 
these layers has commonly been ascribed to floating icebergs or lake ice. 
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which, in running aground, thrust against and plowed up the soft hydro¬ 
plastic muds [Salisbury and Atwood (1897: 143, Fig. 6); Lahee (1914: 
789); Sayles (1914: 156); Tarr (1935: 1500-1501)]. In view of the fact 
that the same type of contorted bed appears repeatedly in a particular 
section, each layer having about the same thickness, it seems that some 
explanation other than that just given should be sought. Shaler (1888: 
419) long ago suggested that an earthquake shock might disturb the upper 
part of the soft bottom deposits in a sea or lake, and such an explanation 
seems worthy of serious consideration. There must have been myriads of 
miniature earthquakes during the periods of glacial advance, when the 
ice cracked upon surmounting prominences or sheared for other reasons, 
and the vibrations transmitted through the surficial and subaqueous 
sediments might well have caused the less stable upper part of a deposit 
to be deformed by folding or faulting, particularly if the sediments lay 
on a 2 or 3® slope. Subsequent wave action would erode the tops of the 
plications and miniature horsts so that the sediment deposited imme¬ 
diately after the shock formed a layer on the surface of truncation. 
Undoubtedly other explanations are possible for some of the contorted 
layers, for they differ in their structure and relations from the typical 
layer that we are here considering. Miller (1922:597), for example, 
rejects the suggestion that the corrugations were caused by grounded 
icebergs or bottom erosion* and ascribes them to differential movement 
between beds in the mass, aided by gravity and possibly also by sub¬ 
aqueous slipping. This explanation seems plausible for the contorted 
layer Salisbury and Atwood (1897: 143, Fig. 6) described and illustrated, 
for their photograph shows definite movement between horizontal layers 
with little displacement along the boundaries of the contorted layer. 

Intraformational corrugation was long ago reported in the folded 
Devonian limestones at Cape Gaspd, Quebec, by Logan (1863: 391-392), 
who described a 2.5-m. bed to be 

. . . made up of several thin layers of limestone and limestone shale, and present¬ 
ing a singularly wrinkled structure, from which the beds above and below are free. 
It would appear as if the layers, after their deposit, had been contorted by lateral 
pressure, the underlying stratum remaining undisturbed, and had been worn 
smooth, before the deposition of the next bed. Where the inverted arches of the 
flexures occur, some of the lower layers are wanting; as if the corrugated bed had 
been worn on the under as well as the upper side. The corrugations are precisely 

> Kindle (19176; 323-334) suggests that certain contorted sediments in Nova 
Scotia and southern Ontario were deformed as a result of channel cutting. Where 
the cutting of a channel relieved the lateral pressure on a bed, the weight of the over¬ 
load forced the soft muds to flow laterally toward the channel. 
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in the direction of the dip and the peculiarity is not confined to a small part of the 
deposit. . . . 

Clarke,^ through personal communication with Miller (1922: 591- 
592), expressed approval of Logan’s explanation and also commented on 
the corrugations before a meeting of the Geological Society of America in 
1913 [Clarke (1914:37)]. Miller (1922:590-592), however, disagreed 
with Logan and Clarke and proposed that the corrugation had been pro¬ 
duced after the sediments were buried by “differential movement within 
the mass” induced by local thrust faulting. He reached the same con¬ 
clusion for the well-known contorted beds in the Trenton limestone at 
Trenton Falls, New York. At this locality two highly corrugated layers 
of argillaceous limestone, 1.5 m. (5 ft.) and 3.2 m. (10 ft.) thick, respec¬ 
tively, lie between undisturbed parallel limestone layers in a sequence that 
is near a thrust fault (Fig. 382). Many investigators have written about 
the Trenton Falls occurrence, and it has come to be a sort of type locality 
for intraformational corrugation. For many years the explanation 
offered by Hahn (1913:1-41) was wdely accepted. He ascribed the 
deformation to suhaqneoxis gliding —a movement of soft hydroplastic 
sediment down a slightly inclined subaqueous slope—during which the 
laminae at and near the surface of the mass were folded and faulted. The 
deformed mass was then eroded to a nearly plane surface before the over- 
lying stratum was deposited. Hahn’s explanation presupposes that the 
sediment was at the subaqueous surface when it was deformed and that 
the deformation, therefore, was penecontemporaneous. Miller (1908: 
428-433; 1915:135-143; 1922: 587-590), on the other hand, contended 
that the corrugation was produced by slight tectonic differential slipping 
within the mass as a whole during the regional faulting. His explanation 
requires that the deformation was much later than deposition. He cites 
an analogous case of intraformational corrugation associated with 

^ Clarke [Miller (1922: 591-592)] described the GaspS occurrence vividly in the 
following communication to Miller: 

Crinkled strata lying between strata which show no evidence of dislocation are not of 
infreQuent observation but, in most of the recorded instances, the crinkled layer is of 
softer stuff (that is, a highly aluminous mud rock) than the rigid beds above and below. 
The brilliant exhibition of this phenomenon on the cliffs of Cape Gaspe, first sketched by 
Sir William Logan, is not of this character. Here the middle deformed beds are of thin 
limestone leaves like those which bound them. They are crumpled into sharp, much 
involved and overlapping curves in which the limestone plates are broken sharply across. 

It seems very doubtful if any other explanation can be brought forward for this exceptional 
occurrence than that generally adopted for those of the first named category; a sliding of 
soft sea bottom deposits on a sloping surface under gravity, helped forward perhaps, if on 
a large scale, by earthquake shock or some other jolt-like impulse. ... It follows from 
the conception of these structures that the deformation was contemporaneous, and preceded 
the deposition of the overlying beds. 
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faulting in the Frank area of Alberta, and reproduces the figure by Brock 
(1904) of the local structure to support his contention (Fig. 382). Mil¬ 
ler’s explanation, expressed in the following statement, is essentially the 
conclusion Nason (1894: 465) had previously reached in trying to explain 
such structure in certain blue clays near Albany, N.Y.:^ “In the opinion 
of the writer [Miller (1922: 590)], differential movement (not always as 
an accompaniment of thrust faulting) is involved in many, if not most, 
cases, of intraformational corrugations.” 

The Trenton Falls case has been described in some detail for the 
purpose of showing how competent observers can reach radically different 
interpretations of the same structure. More careful field work than that 
of the earlier observers should demonstrate whether the corrugation is 
penecontemporaneous or tectonic. 

Some examples of intraformational corrugation are so clear as to 
occasion no controversy. As a case in point. Brown (1913:241-243) 
described a folded gravel layer in which the upper crests of the folds were 
truncated before the disturbed layer was buried; hence no doubt exists 
regarding contemporaneity of the folding (Fig. 229F). Miller (1922:602- 
603) described and illustrated an unusual type of intraformational cor¬ 
rugation called to his attention by D. W. Johnson. Layers of corrugated 
sandstone are intercalated with the foreset beds of a cross-laminated 
sandstone and were formed contemporaneously with the forward advance 
of the foresets. Rice (1939:361-371) recently described somewhat 
similar deformation in a Triassic sandstone of Cheshire, which shows 
overfolding and buckling of the deposition planes or foresets of current 
bedding. Not so obvious, however, is the corrugated bedding that 
interrupts the rhythmic lamination of the Green River oil shale of 
Wyoming; this lamination Bradley (1929o: 87-110) interpreted as 
seasonal banding or varving. Bradley (1931:26, 28) ascribed the cor¬ 
rugation to: “the differential movements and readjustments within and 
between beds after burial and during compaction of the sediments ...” 
and concluded (page 27) that “ ... it seems likely that contorted bed¬ 
ding due to differential stresses during compaction would be most com¬ 
monly localized in beds that contained an abundance of organic matter, 
a relatively large proportion of micaceous clay minerals, and an unusually 
fine grained mineral aggregate.” At an earlier date David White, in 
discussing a paper presented to the Washington Academy of Science by 
Winchester (1919: 295), had suggested that the Green River corrugations 
were developed in the original organic muds as a result of “ . . , differ- 

^ Nason (1894: 465) concluded that an intraformational corrugated layer in blue 
clay near Albany, N.Y., was caused by one bed sliding over another down a slope too 
steep for the clay mass to maintain its equilibrium. 
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ential movements between somewhat more competent beds above and 
below ” [Bradley (1931: 28)]. However, as noted above, this explanation 
was not acceptable to Bradley. 

Several important papers on intraformational corrugation have been 
published in recent years. These deserve brief mention here to emphasize 
the need for a better understanding of peneconteraporaneous deformation 
involving sedimentary materials. 

From the coal-bearing sequences of Germany, Kukuk (1920: 805-810; 
1924: 11G7-1175; 1936:1021-1029) and his associates have described and 
illustrated many features ascribed to penecontemporaneous origin 
[Stutzer and (1940)]. Earp (1938: 125-160) cited an excellent exam¬ 
ple (Fig. 234) in the Silurian elastics of Wales and concluded that the 



Fia. 234.—Penecontemporaneous deformation of soft muds and watcr-fillcd sands. The diagrt^i 
shows a contorted zone of shale and coarse sandstone between undisturbed layers in the Upper Silurian 
of MontKomeryshire, Wales, (Arts. 102, 152.) {After Earp, 1938, Oeol. Soc. London Quart. Jour.. 

94: 142, Fv. 6.) 

disturbances were caused by submarine sliding of hydroplastic mud and 
silt during deposition.^ Hills (1941) and Hills and Thomas (1945: 57-58) 
describe “basal sandstone deformations” of probable penecontemporane¬ 
ous nature in Silurian elastics from near Melbourne, Australia (Art. 102). 

The fold shown in Fig. 235, formed by an unusual distribution of iron 
oxide, occurs in fiat-lying Pennsylvanian sandstone in southern Indiana. 
The stratification passes through all parts of the “fold” without regard 
for its structure. Such a fold as this, clearly of secondary and superficial 
origin, need not be confused with a true penecontemporaneous fold, for 
the stratification of the containing layere is in no way affected by the 
feature. This type of concretionary structure is apparently not uncom- 

»In discussing the paper by Earp (1938; 158), W. J. Pugh pointed out that 

A t6ctozxic 6xplanation of these disturbed beds was at variance with the simple structure 
revealed by mapping. The disturbed beds occupied their present position in the succession 
before the folding and faulting of the area took place* They appeared to be due to 
aqueous sliding during the deposition of the sediments, sliding repeated over and over 
again through a maximum thickness of some 2500 feet. 
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mon in porous and permeable formations long subjected to weathering 
Stephenson and Monroe (1940: 178, Fig. 42) describe and illustrate 
corrugated McNairy sand in the Upper Cretaceous of Mississippi, and 
Wanless (1946: 33, Plate 7, Fig. 2) reports similar structure in the Newton 
sandstone of the Pennsylvanian in Tennessee and Kentucky. 

163. Contorted, Faulted, and Brecdated Bodies of Irregular Shape — 
Irregular, roughly planoconvex masses of folded and faulted shales and 
limestones are present in some formations. They are lithologically 
similar to the enclosing rock and differ only in having greatly contorted 
internal structure. Such bodies, typically flat-based with an irregularly 



Fio. 236.—False draK folds caused by ferruginous cememation of Pennsylvanian sandstone in a road- 
cut near St. Croix. Perry County, Indiana. The true bedding is horizontal hut is obscured by tho 
contorted bands of concentrated ferruginous cement. (Art. 152.) 

domed or arched upper surface, have generally been explained as the 
result of subaqueous slumping and gliding. The shape of the mass and 
its relations to the enclosing rock are usually sufficient to indicate which 
is the top of the contorted mass. The structural details in some cases are 
well enough preserved to indicate the direction in which the sliding mass 
moved. 

The deformed body is characteristically wedge-shaped in transverse 
section, with the thicker part of the wedge in the direction of movement 
(Figs. 229B, 236). The plan view would probably have a lobate outline 
down the slope, though the shape might be otherwse, depending on the 
nature of the bottom. Internally, the laminae or beds are crumpled, 
overfolded, overthrust, faulted, and in general mashed together in a 
confused structure. The basal part of the deformed body usually shows 
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less contortion than the upper portion, and the folds tend to lose their 
identity downward, whereas upward they are transected and covered by 
horizontal strata. Peripherally the undisturbed enclosing strata abut 
against the deformed mass. 



tia. 236. Diagram illustrating subaqueous flowaKC and attendant deformation of hydroplastic mud 
on a gently mcimcd bottom. Sliding may occur on slopes of less than 6® and probably is commonly 
earthquake shocks. At the riaht is shown a shallow excavation of the bottom materials, 
ihis depression, which furnLshed the sediments of the deformed mass, would deepen to the right for 
some dwtance If the diagram were extended. The diagram U based on structures observed in the SUur- 

Indiana and the Carboniferous Cambridge slate of eastern Massachusetts. 

(Arts. 148» 153.) 

The shape and relations to enclosing sediment, the little-deformed 
basal part and much-deformed and transected upper part, and the con¬ 
fused internal structure usually suffice to identify this type of deformed 
structure and to indicate the top of the succession in which it lies. 



Aik sharpstone conglomerates in Upper Cambrian limestones east of St. 

Albans. Vt. Limestone slabs were torn loose from the bottom and left embedded with random orienU- 
k calcareous muds swept in during the dUturbance. A. Part of a layer, about 1.6 m. (4.9 ft.) 
t^ck. showing the relation of slabs to bottom laminae. Mud cracks in the bottom laminae may have 
aided the currents that ripped up the bottom materials. B. Another part of the sime layer as A. 
!k w?* ^! fragments somewhat more strewn out by current acUon. In both cases it is to be noted 
that the disturbed layer has a rather sharp base and that the fragments become smaller and less numer¬ 
ous near the top. Compare these diagrams with Figs. 168 and 238. The individual laminae average 
eomewhat lesa than 25 mm. (I m.) m thickness. (Arts. 148^ 153.) 


Some thin-bedded shallow-water deposits have tabular or irregular 
bodies of fragmented laminae, the fragments having random orientation. 
These brecciated deposits have been designated by several names—■ 
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edgewise conglomerate [Walcott (1894; 1896:34-40)]; intraformational 
breccia, etc. [Field (1916)]. 

If the laminae show such orientation and relation that no question 
arises regarding their derivation from one of the bounding formations 
(as shown in Figs. 237 and 238), the brecciated mass can be used as a top 
and bottom criterion. If, however, the laminae are scattered through a 
zone without clear relations to either bounding layer, the structure is 
Avithout top and bottom significance. 

Several explanations have been proposed to account for intraforma¬ 
tional brecciation, but there is no need to dwell on these here other than 
to mention that storm waves, tsunamis, tidal currents, and subaqueous 
slides have been suggested.* 



Couriety of £>. Michtli 

Fio. 238«-^Intraformational sharpatone congloiiierate (**edgewise conglouierato'’) about 6 ft. (2 m.) 
above the base of the Upper Cambrian Lodi shale near Cashton, Wis. As is typical of this kind of 
layer, the base is sharply defined and parallel with the general bedding, whereas the top is uneven. 
Base and top are indicated by ink lines. The fragments of the disturbed layer have the same lithology 
as that of the underlying strata and exhibit random orientation. (Arts, 121. 183.) 


Intraformational breccias are known to be present in rocks ranging in 
age from Pre-Cambrian to Pleistocene; and since they are common and 
widespread, they deserve scrutiny to determine whether or not they show 
relations that can be relied upon for top and bottom determination. 

164. Landscape Marble .—Certain types of argillaceous limestones 
contain thin layers and concretionary masses characterized by dendritic, 
frondlike, or bushlike structures that rise from a common base and in 
transverse section present somewhat the appearance of a forest on a dis- 


• Collins (1925: 63) suggests that the intraformational brecciation in the Pre- 
Cambrian Espanola formation may have been penecontemporaneous and in citing 
similar brecciation in the Gowganda formation states that it *' . . . appears to have 
been formed during deposition of the greywacke. It has been suggested that the 
Gowganda greywacke was frozen solid at the time of brecciation.” Fairbridge 
(1946: 84-87) suggests several other modes of origin for intraformational brecciation. 
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tant horizon. It is from this imagined resemblance that the designation 
“landscape marble” comes (Fig. 239). 

In these unusual layers and concretions the base is a fairly smooth 
plane that separates the structure sharply from the underlying layer, 
rpward, however, the individual structures rise to different heights above 
the base; hence the top side of the layer containing them is always 
obvious. 

Landscape-marble structure has generally been ascribed to gases 
rising through soft muds and to shrinkage attending the consolidation of 
those muds [Woodward (1892:110-114); Thompson (1894:393-410)], 
but North (1930: 174) ascribes the crumpled surfaces “ . . . to shrinkage 



Fig. 239.—Landscape marble in aririliaccoud limestone from the River Avon, England, reduced about 
onc-half. The individual dendritic masses rise from a common jdano and extend upward into the 
dense limestone. The oriKinal plastic calcareous mud appears to have been arched over the dendritic 
masses. (Arts. 148. 154.) 


of the original calcareous mud from which the nodules were formed 
...” On the other hand, Twenhofel (1932: 682) points out that, 
“whatever the origin of landscape marble, it seems very probable that 
pit and mound phenomena [Art. 90] can give rise to an almost identical 
feature” and Rettger (1935:288), on the basis of observations made 
while conducting experiments on contemporaneous deformation of soft 

sediments, suggests “ . . . that landscape marble may be produced when 

water levels are changed so as to cause movement of water and the forma¬ 
tion of a hydrostatic head.” 

Still another possible explanation is that the characteristic arborescent 
structure formed as the result of a fluid mud of greater density sinking into 
one of less, as demonstrated experimentally by Nettleton (1936: 92-97, 
Figs. 4-8). 

Whatever its origin, however, the characteristic arborescent profile 
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constitutes a reliable criterion of the original up or down direction in the 
disturbed layer. 

166. Frozen Ground Structures —It is pointed out in Art. 103 
that many closely related structural features exist in the zone of frost 
action and that certain of these are of possible use in determining top and 
bottom in ancient regoliths known or suspected to have been formed in 
cold climates. 

Since most of the features that fall in the general category of head 
[Dines et al. (1940:198-226)], warp [Bryan (1936:222-228)], trail and 
underplight [Spurrell (1887)], and similar terms [see Bryan (1946a)] are 
penecontemporaneous with reference to existing regolithic materials, 
brief reference is made to them here but it is suggested that the student 
interested in the structures of frozen ground start his investigations with 
the articles cited. These will lead directly to the heart of the problem. 

Attention should also be called to the penecontemporaneous structural 
features formed during the melting of glacial ice. The article on this 
subject by Carruthers (1939: 299-333) should stimulate field geologists to 
examine mth greater care the more delicately preserved features of 
glacial and supposed glaciofluviatile deposits, which so often in the past 
have been completely overlooked. 

The present discussion should not end without brief reference to those 
unusual networks of pebbles and boulders which gather in the frost and 
ice cracks of cold regions [Sharpe (1938:33-^6); Paterson (1940: 107- 
110)] and the conspicuous cracks themselves, which become filled with 
surficial debris [Berkey and Hyde (1911: 223-231), Patterson (1940: 99- 
130), and Conrad (1946: 277-296)] (Art. 125). 

166. Features on Undersurfaces of Layers. —If soft sediments 
such as plastic muds or “gelatinous” organic matter be covered by sand 
or gravel, the unequal pressure of overlying sediment may cause the soft 
underlying material to flow laterally. In such manner sand and the 
underlying sediment may flow together, the water-filled sand adjusting 
itself to the billowy surface of the substratum. This is believed to be the 
way in which the peculiar lobate structures, described in Art. 102 as flow 
casts, were formed. Stutzer and No6 (1940:348, Fig. 122), using a 
drawing of Kukuk (another of whose sketches is here reproduced as Fig. 
118A), illustrate a disturbance of this kind in the Geitling coal bed in 
Westphalia. The author has seen the same type of structure in the 
Wamsutta red beds of the Narragansett Basin in Rhode Island (Fig. 
116) and in the Horton elastics of Cape Breton Island, Nova Scotia 
(Fig. 117). 

It should be emphasized that the significant feature—the peculiar 
lobate structure—appears on the underside of sandstone layers, not on 
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top. Since the shale underlying such layers is always much jointed, it 
shows no significant relict structure. It is quite likely that there are 
other features on the undersurfaces of sandstone beds formed in like man¬ 
ner, and the field geologist should always be on the lookout for them. 
Two recently described cases—one from the Silurian limestones of Wales 
[Earp (1938: 125-160)] and the other from rocks of the same age in the 
Melbourne district, Australia [Hills (1941:167-191) and Hills and 
Thomas (1945: 51-61)]—are cases in point (Art. 152). 

167. Features Produced by Differential Compaction and 
Other Secondary Phenomena. —Much attention has been given in 
recent years to features produced by differential compaction because of 
their possible importance as oil-bearing structures [Mehl (1920: 520), 
Powers (1922:233-259; 1926:422-142); Hedberg (1926:1035-1072; 
1936: 241-287), Nevin and Sherrill (1929: 1-22), Trask (1931: 271-276), 
Terzaghi (1940: 78-90), Nevin (1942: 193-204), and others]. However, 
most such structures are obviously right side up and so large that the 
oversteepened dips and other associated structural features are not 
needed to determine top and bottom. Additional discussions of this 
important problem can be found in all modern textbooks of structural 
geology (see table in Chap. I, pages 22-23). 

In addition to differential compaction, certain chemical changes that 
take place in sediments soon after deposition may produce characteristic 
structures of possible use as top and bottom criteria. The reliability of 
these is largely determined by whether they were truncated by erosion 
before burial. Woolnough (1910: 334-340; 1933: 1098-1106) and Croneis 
(1930) have described examples of these features that are ascribed to the 
swelling action of wetted bentonite. Woolnough (1933: 1098) points out 
that “anomalous folds” may be due to contemporaneous deformation 
produced by 

(1) swelling of argillaceous members, 

(2) plastic flow of bentonitic beds, and 

(3) concretionary development on an unprecedented scale. 

He describes and illustrates how a swelling shale seam deformed an 
overlying coal bed and its covering shale (Fig. 240). 

In Art. 152 attention is called to the interpretation by Bradley (1931: 
26-28) of the contorted beds of the Eocene Green River oil shale as due to 
readjustments and differential movements wit hin and between layers of 
sediment after burial and during compaction. 

Coal layers and associated strata exhibit a great range of structural 
relationships, many of which are probably to be explained as results of 
differential compaction [see Moore (1940) and Stutzer and No4 (1940)]. 
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168. Partly Filled Primary and Secondary Cavities.—Many sedi¬ 
mentary rocks contain cavities which appear to have been present almost 
from the time consolidation began,' whereas in others the cavities are 
obviously of secondary origin. In still other cases it is difficult or even 
impossible to determine whether the cavity is primary or secondary. 

In partly filled cavities the flat surface of the incomplete filling —i e 
the plane of composition—acts as a spirit level, indicating horizontality 



IKoZe# Jour, and Proc,^ 44 : 336. F^.) ’ Oarlick in Woolnough. 1910. Royal Soc. New Sotilh 


and verticality at the time when the cavity was being filled. If the plane 
of composition is parallel to the stratification, the incomplete filling is a 
reliable top and bottom feature, for it obviously lies in the bottom pLt of 
the cavity (Figs^ 1 ;M2). It matters not if the cavity be primary or 
secondary provided that the plane of composition is parallel to stratifi¬ 
cation. An obvious exception to this rule is a postdeformational cavity 


'ri, ' Pri'nary or penecontemporaneous cavities is commonly obscure 

rhe cjivity may be a result of the way in which the sedimentary maTerMs accumu- 

lated r »> ^me of the eastern Wisconsin Silurian bioherms, large and small cavities 

appear to be the result of the arching effect of felted masses of fossil fragments that 
constitute the roof of the cavities (Fie 24\) Tt mow iragments that 

an entombed fossil shell or mineral mass; it may have originateTduring doTorl' 
or it may have come into existence in still other ways °aS test ' 
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in an overturned layer facing vertically downward, but such an occur¬ 
rence seems highly unlikely. If the plane of composition makes with 
stratification an angle gi'eater than can be explained as initial dip, the 
filling was made after tilting of the containing bed. Such a cavity 



Fiq. 241.—Original cavities in bioherms and their flanking strata. The plane of composition in partly 
filled cavities may be used as a spirit level to determine original horizontality and which direction U up 
in steeply tilted biohermal complexes. Stratified complete fillings are useful indicators of original 
horizontality but do not indicate which direction is up or down (see Figs. 1 and 2). (Art. 168.) 

filling may or may not have top'and bottom significance but does have 
structural significance, as fully discussed in Art. 1 and illustrated in Fig. 1. 

Primary cavities with incomplete penecontemporaneous fillings are 
common in some detrital algal limestones. The Eocene Wasatch lime¬ 
stone of Utah has composite fillings, the lower part consisting of primary, 
fine-grained calcareous mud and the upper of clear secondary calcite 



Fio. 242.—Partly filled cavities in the massively bedded Silurian Maynlle doiomitic limeslono of eastern 
Wisconsin. These appear to be primary, for the clay in them is not found in the contiguous rock or in 
any of the joints. The mud is believed to have been swept into the essentially contemporaneous 
cavities during a storm and to have settled out later. The original cavity was probably completely 
filled with muddy water. When the clear water drained away, the partial clay filling remained in the 
cavity. (Art. 168.) 

precipitated later (Fig. 243). The author has observed similar incom¬ 
plete and composite fillings in one of the algal layers of the Mississippian 
Windsor succession on Cape Breton Island, Nova Scotia. 

Some ancient strata contain original cavities partly filled with essen¬ 
tially contemporaneous sediment not represented as a distinct layer in 
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the geologic section. Cavities of this sort are common in the Wisconsin 
Silurian Mayville formation and in some of the bioherms of slightly later 
age. The cavities are irregular in shape and usually are about half full 
of laminated clay and silt (Figs. 241, 242). Certain cavities near the 
present surface may have been filled during the Pleistocene with fine 
sediment carried do^\^lward along fractures and crevices, but there is no 
sediment in the joints and cracks to suggest this, and cavities unearthed 
in quarries at depths of 15 to 30 m. 

(45 to 95 ft.) below the surface 
could hardly have been filled in this 
manner. 

Hollow shells and the slightly larger 
cavities remaining after the shells 
themselves are dissolved away pro¬ 
vide places where contemporaneous 
sediments can accumulate to form 
incomplete fillings. The several types 
of features that might form under 
these conditions—the incomplete and 
composite internal molds of Cullison 
(1938: 981-988)—are discussed and 
illustrated in Art. 182. Other pri¬ 
mary and secondary cavities formed 
by buried organic remains are con¬ 
sidered in Arts. 180 to 183. 

Wherry (1915: 153-156) has de¬ 
scribed and illustrated an unusual 
oolitic rock from the Upper Cambrian 
Allentown formation of Northamp¬ 
ton County, Pennsylvania. These ooids are unusual in that many have 
a bipartite structure, in appearance somewhat like a “half moon,“ with 
the dividing plane parallel to the bedding (Fig. 244). The conspicuous 
lower part of the ooids is quite dark in color and contains the residue 
which dropped down when the original oolite was dissolved away; the 
upper part is much lighter in color and contains almost no impurities. 
The ooid itself, other than the impurities just mentioned, is composed of 
secondary dolomite that was precipitated in the cavities left by dissolu¬ 
tion of the original aragonitic oolites. The history of these “oolites,” 
as outlined by Wherry (1915:155-156), is given in the folloAving footnote.' 

* Wherry (1015:156-156) states: 

When the ooide wore first formed they no doubt consisted of aragonite, whereas the 
matrix was dolomite-mud. Mixed with the aragonite, in varying amounts in the different 



/S mm. 


Fio. 243*—Algal spheroid with composite 
fiJling of calcareous mud below and clcor 
calcite above. Other spheroids arc con¬ 
centrically laminated to the center. Com- 
posito fillings of this sort provide a means of 
determining not only the piano of bedding but 
also the top of the bed in which they are 
present since the calcite marks the upper part 
of the filling. In some spheroids the calcite 
has been removed, and o hcrnispheroidal 
cavity marks its place. The interstitial 
sediment may be calcareous shale or argil- 
lacoous limestone. Algal spheroids of this 
kind are present in certain layers of the 
Mississippian Windsor formation of Nova 
Scotia and in the Eocene Wasatch limestone 
of Utah. Compare with Fig. 287. (Arts. 
158, 181.) 
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In flat-lying or gently dipping beds, secondarily developed cavities, 
such as those which ultimately are geodized, may have crystals in only 
the lower half or larger ones there than above. This feature, however, 
needs to be tested in the field to determine whether or not it has any value 
for top and bottom determination. Such crystals might develop in the 
same way in which stalactites grow in a cave. In caverns and similar 
underground openings it should be possible to differentiate the roof 
stalactites from the floor stalagmites, for the former are like icicles, 
whereas the latter resemble rounded stumps. Since their orientation 
determines the direction of gravity at the time when they were formed, 
stalactites and stalagmites must be essentially perpendicular to bedding 
to have top and bottom significance. In steeply inclined beds, therefore, 
predeformational stalactites and stalagmites formed while the beds were 
horizontal will be disposed at right angles to bedding, whereas post- 
deformational ones will be vertical, hence will make an angle 'vith the 
bedding. 

As a general rule, partly filled and crystal-studded cavities are useful 
top and bottom features only when it can be demonstrated that the 
incomplete filling or the crystals and other features were made before the 
containing beds were deformed. 

169. Buried Organic Structures and Fossils.—Plants and animals 
may live, die, and be destroyed or buried in the same place; they may live 
and die in the place where they originated and grew but be buried else- 

concentric layers, was the carbonaceous pigment. After the solidification of the sediment 
into rock and the development of joint cracks (but before the uptilting of the beds) waters 
l>enetrated along these cracks and along the bedding planes. Since aragonite is more 
soluble than the dolomite of the matrix, it dissolved away, leaving behind the carbon 
and the nuclei—sand grains and bits of kaolin—in some cases stripped of all concentrically 
deposited aragonite, in others still retaining a few layers. These settled to the bottom of 
the cavities in heaps, the shapes of which varied with the sizes of the nuclei and the stage 
in the solution process at which they fell into the masses of carbon powder. 

At some later period water again traversed the rock, but this time conditions were 
favorable to deposition instead of solution, and secondary dolomite filled up all openings m 
the rock, tension and joint cracks as well as the holes left by the removal of the ooids. 
As is usual in the recrystallization of carbonate rocks this secondary material tended to 
approach the normal dolomite ratio, although as the analysis shows, a slight isomorphous 
admixture of calcium and ferrous carbonates still remained. The secondary' crystalli^ 
tion took place so slowly and quietly that the heaps of carbonaceous dust were not dis¬ 
turbed. but merely enclosed by the crystal grains, and their shapes preserved. 

The deposition of pyrite took place at still a later time. Migrating solutions brought in 
ferrous sulphate, which was reduced to sulphide by the carbon near the surface of t e 
normal ooids, and around the black part of the divided ones. Apparently the rearraog^ 
ment of the carbon particles in the latter rendered them more readily attacked, for w 
microscopic examination and the analysis show them to be the higher in limonite, ^ _ 
now takes the place of the pyrite. This last change, which represents the latest chapter in 
the history of the rock, was evidently brought about by the action of oxygen-bearing rain 
water. 
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where or destroyed in transit; or they may live in one spot or general 
environment, die in a different one, and be buried in still a third.^ If, 
therefore, a fossil or the structure or feature made by an ancient organism 
is to be used for top and bottom determination, it is important to ascer- 


Fio. 244.—Cross section of an unusual oolitic rock from the Upper Cambrian Allentown formation of 
Pennsylvania, enlarged about 4.5 times. The unaltered oolites have the nucleus in a central position; 
those which show bipartite structure have nuclear and other insoluble material concentrated in the 
bottom part, where they dropped when the primary aragonitic oolite dissolved. The contact between 
dark and light portions is variable but tends to be slightly convex upward, giving the half-moon eflcct 
that is so obvious. Bedding is across the figure from left to right, with slight inclination to tlm right, 
and the top of the bed is toward the top of the figure. The dark portion of each ooid lies below and 
the light portion above, the plane of composition. (Art. 158.) {After Wherru, 1915. U.S. Nat. Mut 
Proc.» 49 : 156, Plait 40.) 

tain as much as possible about the history of the fossil structure in order 
to determine its reliability as a criterion. 

160. Fossils and Oiiganically Produced Features and Struc¬ 
tures Buried without Disturbance.— If bottom-dwelling organisms 

* Wasmund (1926: 11-116) haa proposed the term thanalocoenose for tlie relations 
and associations of a collection of dead organisms, as a companion term for biocoenose, 
which haa long been used for a congregation of living organisms. Twenhofel (1931- 
407-424; 1932: 147-152) has pointed out how the environments of life, death, the 
interval between death and burial, and burial differ and how these environmental 
conditions affect organisms and organic remains. 
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are buried in the position and with the orientation they maintained while 
living and if the hard portion of the organism has retained its entity^ as a 
skeleton or other supporting structure, it should be possible, the living 
habits of the plant or animal being known, to determine the top of the 
sequence in which the fossils lie. 

Little attention has been paid to this use of the living position of 
organisms in determining the top and bottom of inclined strata. Paleon¬ 
tologists have cited and illustrated many examples of organisms (both 
plant and animal) buried in the position of growth, but probably few have 
had occasion to utilize such fossils in structural work [see Kindle (1895: 
349, 353), Cox and Dake (1916: 34-35), Grabau (1921: 665), Twenhofel 
(1919:339-352; 1932:355-356), Blackwelder (1926:650), and Cloud 
(1942: 363-374)]. 

Algal bioherms, trees, attached sponges, coral and stromatoporoid 
heads and coelenterate bioherms, attached bryozoans, brachiopods, 
mollusks and arthropods, attached echinoderms and the roots or stumps 
of crinoids, and the tubes, borings, and trails of many animals, if buried 
without disturbance, constitute reliable criteria for determining top and 
bottom. Examples are cited in following paragraphs. 

161. Algal Structures .—Certain characteristic structures in calcare¬ 
ous rocks, ranging in age from Pre-Cambrian to Recent, have long been 
referred to by a multitude of investigators as “algal” growths or more 
rarely designated by the preferable term stromatolite.^ These structures, 
ranging in size from a few millimeters across and as much in height to 
gigantic masses measured in tens of meters and varying in form from 
irregular domal growths to columnar or hemispheroidal masses, have an 
internal structure composed of successive arched laminae that are usually 
convex upward (Figs. 245, 246). Inasmuch as the shape of the algal 
head and convexity of the internal laminae indicate the top of the con¬ 
taining layer, colonies buried in situ are reliable top and bottom features 
and have been used successfully for that purpose. 

' For excellent discussions of the destruction of organic hard parts by marine 
scavengers and other macroorganisms, see Dapples (1938: 54-65; 1942: 118-126). 

* Goldring (1938: 1-75) gives an instructive discussion of the well-known crypto- 
zoan reefs of New York and supplements it with a valuable chapter on coralline 
algae as reef builders through the ages. Cloud (1942: 363-379), in a recent discussion 
of stromatolites (“structures commonly called fossil calcareous algae”), gives an 
extensive bibliography of 50 references. For additional data see Johnson (1940: 
571-596) and Clarke and Teichert (1946: 271-276). The latter describe a type of 
\vrinkled calcareous surface produced on the floor of a salt lake in western Australia 
by hollow sausage- and mound-shaped algal growths. The surface resembles wrin¬ 
kling in Tertiary sandstone, which Richter (1937) ascribed to the alga Chorellopsis 
bavaricc. 



FEATURES OF SEDIMENTARY ROCKS (III) 287 

As early as 1913, according to Cox and Dake (1916:35), Joseph 
Barrel!, by using algal structures in Cambro-Ordovician strata of eastern 
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1 ennsylvama, . . . was able to work out an overturned section of 
limestone which was not evident by any other means.” Geologists 
investigating the Lake Superior Pre-Cambrian have used the convexity 
of algal laminae in the Kona dolomitic limestone for structural purposes 
















288 


SEQUENCE IN LAYERED ROCKS 


(Fig. 247), and Black\velder (1915: 650) has called attention to the top 
and bottom significance of the hemispheroidal shape of stromatolites in 



toward tho center if newed from beneath. If a stromatolitic layer were vertical, the top or bottom 
could be cletermined by noting the inclination of the laminae with reference to the center of the mM. 
Stromatolites with this kind of structure are common. Excellent specimens are present in the Ordovician 
Oneota dolostone of the upper MissUsippi Valley. These latter range in diameter from a few centi¬ 
meters to as much as a meter. B. A small stromatolite (X0.5) from the Lower Ordovician of western 
Wisconsin. It consists of many closely packed cylindrical columns with highly arched laminae. (Art, 
161.) 

the Cambrian of Wyoming (see footnote on page 290 and Fig. 251). 
jMany subsequent writers have mentioned how certain algal structures 

can be used in top and bottom deter¬ 
mination, and in a recent article 
Cloud (1942: 363) reemphasizes 

"... that the laminae of many 
stromatolites (structures commonly 
called ‘fossil calcareous algae’] which 
grow fast to the substratum are con¬ 
vex upwards, and that the forks of the 
branching forms are open toward the 
top; suggesting their use in determin¬ 
ing tops of beds.” 

Nearly every geologic period saw 
the formation of stromatolites, algal 
bioherms, and similar structures, and 
a few typical examples deserve 
mention. 

The Huronian* Kona dolomitic 

limestone of the Marquette range has 

great biohermal masses in which 

concentric laminae are uniformly 

convex upward (Fig. 247). Some years ago, similar forms in Australia 

were explained as a special kind of asymmetrical folding. 

• Twenhofel, . H., 1919, Pre-Cambrian and Carboniferous algal deposits* 
Am. Jour. Sci. (4) 48: 339-352. 



Courtesy of TT. J. Mead 

Fio. 247.—Algal structure in the Pre- 
Cambrian Kona dolostone near Marquette. 
Mich. The successive laminae are con¬ 
sistently convex upward in each vertical 
band of arched layers. This feature has been 
proved a reliable top and bottom criterion in 
the Lake Superior region. (Art. 161.) 
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The algal structures of the Pre-Cambrian Belt series of western 
North America should be cited here because of their intensive study by 
Walcott (1914:77-156) and C. L. and M. A. Fenton (1931:670-686* 
1933a: 1135-1142; 1936:609-620; 1937a: 497-508; 19376:1941-1950,- 
1939: 89-126). One of the growths, described by C. L. and M. A. Fenton 
(1939:101-103) as Collenia spissa, consists of convexly laminated colum¬ 
nar colonies that may fuse to make bioherms and biostromes (Fig. 248). 
Balls of calcite that lie in the sediment between separate colonies call to 

mind calcareous oolites occupying a similar position in Ordovician algal 
biostromes (Fig. 252). 


Fossil algae of unusual interest are reported from the Otavi system 
(late Pre-Cambrian or Cambrian) of_r.—_ 


Southwest Africa by Schwellnus and 
Roex (1945: 93—106). These ^^Titers 
differentiate three general shapes of 
growths —conical (pages 97, 99), den- 
tate (page 100), and buiv~shaped (page 
101) (Figs. 249, 250). 

The conical type 

... is represented by cones consisting of 
alternating concentric shells of dolomitic 
limestone and chert. The shells show up 
on the surface as round or oval rings 
which range in diameter from a few inches 
to 3 feet and also vary correspondingly 
in height from a few Inches to roughly 3 
feet . . . ; they are confined to a bed 



Fia. 248.—An algal bioatrome of Collenia 
tpiaea in the Cambrian Snowy Mountain 
formation of Wyoming, much reduced. The 
ugftl colonies fuso and divide, being separsted 
here and there by sediment containing balls 
of calcite crysUls. The laminae in each 
colony are typically convex upward, and 
the colonies themselves tend to enlarge 
upward. The biostrome rests on thin 
dolomitic beds containing another genus 
of algae. (Art. 161.) {After Fenton and 
Fmlon, 1030, Bull, Geol. Soc, Am,, BO; 103, 


which can be followed for many miles along the strike. . 

The axes of these conical structures are vertically disposed with regard to the 
bedding planes and the apices of the cones invariably point downwards. 

Their spacing varies considerably; in places they are so closely packed as to 
occupy half the total area of the surface exposed. 


These conical forms seem from the above description to be similar to 
Mississippian conoidal growths in the Windsor series of Nova Scotia 
mentioned in a later paragraph. 


... The type of structure referred to as dentate is found in thin layers, from 
three inches to a foot in thickness, of chertified material which, in section display 
a row of tooth-like projections [Fig. 249). When exposed by weathering, these 
look like warts or rounded protrusions; in section they are seen to rest on a flat 
surface. The gro.vths themselves show a faint, closely-spaced lamination 
which IS more or less parallel to the base of the growth at the lower end whereas 
farther upwards the laminae are slightly bent so as to be approximately parallel 
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to the domical surface. At the outer surface of the structures the laminae are 
usually bent more sharply downwards. Dolomitic limestone rests horizontally 
on these growths, which are usually closely packed, and also fills the depressions 
between them. In places as many as five superimposed layers of dentate struc¬ 
tures are present in close succession separated by intercalations of dolomitic 
limestone a foot or more thick [page 1001. 



Fig. 249.—Columnar and bun-shaped algal structures in massively bedded dolomitic limestone ^ ® 

Otavi system of South Africa. The layers containing the columns range in thickness from 7.6 to 30 cm. 
(3 to 12 in.) and arc persistent over large areas. It should be noted that the columns start at ® * 

fication plane and extend upward a variable dbtance in the layer. Dolomitic limestone fills the depres 
sions between the columns and rests horizontally on them. Under conditions of weathering the 
arc less resistant than the surrounding rock, and the surface of the weathered rock as a consequence 
the dentate appearance shown in Fig. 250. (Art. 161.) {A/ter Schwellnua and Roex, 1946* OeoL 
Africa Tran8.» 47: 100, Fig, 5.) 

Weathering of these less resistant dentate forms brings out prominent 
fossae that are bounded by narrow, vertically-walled partitions (Fig. 250). 


Bun-shaped algal heads up to a foot in diameter were seen on precisely the 
same horizons as those on which the dentate forms are found. In a few instances 
they are situated between the dentate structures, but more often lie isolated from 
them [Fig. 249]. The initial stage of formation is represented by flat, slightly 

domed and finely laminated growths 
having, in section, the appearance of 
crescent moons. Where fully de¬ 
veloped they display in section the 
outline of a horseshoe. The interior 
of the body consists of alternating 
fine and coarse laminations sub- 

Fto. 250.— Section illustrating how the algal col- parallel tO itS loWCF and Upper SUT- 

umns shown in Fig. 249 weather into depressions so i :_ *;/^r.<a fire 

that the surface haa a dentate appearance. (Art. faceS* S 0 TII 6 Of tn6 

161.) {After Schtccllnua and Roex, 1945, Qeol. Soe. rnnirp lOll 

South Africa Trans.. 47 : 101. Fig. 6.) SUlceOUS [page lUlJ. 



Cambrian strata in many parts of the world contain algal structures. 
Blackwelder (1915:646-650) found Middle Cambrian stromatolites 
shaped like an overturned kettle (Fig. 251) and used the shape for top 
and bottom determination.* Cloud (1942:368) illustrated a similar 

1 Blackwelder (1926: 650) describes the structural use of algal domes as follows. 
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biostrome from lower Paleozoic rocks of the Northwest Territories, 

Canada, and C. L. and M. A. Fenton (1937:435-441; 1937a: 498) 

illustrated similar algal heads from the Canadian Rockies and from 
Pennsjdvania. 

The Ordovician cryptozoan domes, biostromes, and occasional bio- 
herms have been known for over a century and have been described 
and illustrated in many reports. The most recent publication is by 
Goldring (1938: 1-75), who gives an excellent description of the bio¬ 
stromes and adds an instructive chapter on coralline algae as reef builders. 
The usual structure is that of a group of coalesced spheroidal masses with 




CourUty of V.S. Otoloaical Survey 

T ?■ Btromatolltes on a dip slope of Middle Cainbrinn strata in the 

Teton Mountains of Wyoming. The oriKinal interstitial and covering sediments have been swent 
away, leaving the biostrome with much the same appearance it must have had when buried The 
prominent domal shape of the indm indicates that the biostrome is only gently 

tilted. (Art. 161.) [After Bhekwelder, 1015, Am. Jour, Sci, (4) 39: 646, Fio. 1.) ^ 


strongly arched laminae (Fig. 252). Many colonies grew side by side to 
form a discontinuous or continuous layer. In such beds the spaces 
between adjacent colonies may be fdl cd with sediment having a lithology 

In Ud» dovoid of fossils, of unknown stratigraphy and in vertical attitude, the true 
order of deposition is riot always easily determined. In this instance it was found necessary 
to search very carefully for original sedimentary structures, and to weigh their evidence 
separately from that of the secondary structures, such as cleavage and drag-folds, that are 
due to deformation. In this instance the former consisted of clearly preserved ripple- 
marks in some of the metaquartzite formations, cross-bedding and variation of texture in 
sandy and dolomitie members and the dome-shaped growths, supposedly of algal origin 

Ihowl^th' fTh ^ cross-bedding, and change of grain 

itoTd d m n" " ° "■'“‘a"' »<»r‘l»>'«tw»rd. Likewise the 

algoid domes are all convex toward the southeast, are attached to flat bases which have 

^ sea-floor, and are surrounded with detrital 

Irnwhe ."“"■’’'"I'' All of these criteria, therefore, indicate 

that the southeMt sides of the various formations wore originolly their tops, and that the 
itequenoe a« it stands is not overturned. 
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different from that of the colony. Oolites commonly fill the spaces, and 
their presence indicates current action between the colonies at the time 
when they were formed (Fig. 252). 



Fio. 252.—Crypto 2 oan structure in the Lower Magnesian doloetone (Ordovician) of western Wisconsin. 
Oolites are common in the depressions between adjacent masses. Successive layers are character* 
istically convex upward. The sketch is two-thirds natural size. (Art. 161.) 

The Mississippian upper Windsor of Cape Breton Island, Nova 
Scotia, has four algal biostromes, each distinct in its structure from the 
other three. The third of the series in ascending order is a prominent 
biostrome consisting of upwardly expanding conical columns of gray 
porous limestone separated by yellow argillaceous rock (Fig. 253). This 
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Fio. 253.—Algal columns in the Mississippian Windsor formation on Cape Breton Island, Nova 
The columns are bluntly pointed at the lower end and expand upward to diameters of 16 f * 

(6 to 8 in.). They are composed of tough, gray, slightly porous limestone and are separated m e 
stitially by weak, yellow calcareous shale, which is commonly eroded out. (Art. 161.) 


biostrome can be viewed in horizontal position along the shore just south 
of Mabou Harbor, on the east side of Northumberland Strait. Out in the 
strait at the northern end of Hood Island the same biostrome is vertical, 
with north-south strike, and the conical columns expand to the north- 
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west, indicating the top of the section in that direction. A further 
significant fact in this exposure is that the columns are not perpendicular 
to the two boundary bedding surfaces, as they were at the time of growth 
and burial. On the contrary, all have been rotated 35° away from their 
original groivth position by the differential movement between the lower 
and upper beds during folding (Fig. 254). The biostromal layer has a 
vertical dip and a north-south strike, whereas the axes of the columns are 
essentially horizontal and strike N.35°W. 

Johnson (1940; 571-596) describes algal limestones from the Pennsyl¬ 
vanian of Colorado; Bradley (1929: 203-223) reports algal reefs from the 
well-known Green River shale of the western United States; and many 



other occurrences from widely separated regions have been described and 
illustrated. 

Algal structures of many kinds are to be expected in sedimentary 

rocks of all ages, and the ones useful as top and bottom criteria usually 
can be identified wthout great difficulty. 

162. Trees Buried in Growth Po^on.—The stumps and root systems 
of ancient ferns, cycads, and other trees have been found buried in niu in 
many parts of the world and in deposits ranging in age from Devonian to 
Rocent.2 These are excellent indicators of the top or bottom of the for- 


compares these conical structures with columnar ones 

40V*" attributed to desiccation and concludes 

(p. 40). It IS probable, therefore, that the columnar structure was produced by the 
desiccation of calcareous muds deposited in shallow water." 

* attempt has been made to compile an extensive bibliography on the subject 
of buned stumps, trees, and similar structures, but the foUowing references contain 

849T64 aeo! n I'yf (1^3:353-356); Brown (1846: 393-396; 1848:46-50; 
1849.354-360); Daw«,n (1851:194-196; 1855:116-188; 1861:522-524- 1868-150- 
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mation in which they lie and can be used where the strata are steeply 
inclined, as in the Joggins section of Nova Scotia, or overturned, as in 
some anthracite areas. In deltaic deposits, however, uprooted tree 
stumps, carried downstream to the marine pari of the delta, may . 
assume an upright position when they come to rest and give the appear¬ 
ance of being in place” in beds of marine deposition [Johnston (1921: 38)]. 

Stumps of ancient trees, uncovered by mining operations or natural 
denudation, excited the curiosity of many geologists of a century ago, 
and some of the best and most graphically described occurrences are to be 
found among the writings of such early observers as Lyell (1843; 353-356), 
Brown (1846:393-396; 1&48:46-50; 1&49:354-360), and Dawson 
(1851:194-196; 1855:116-188; 1861:522-524; 1868:150-212). That 
this interest has continued is shown by the observations of Barrell 

(1913:462), who described and illus¬ 
trated root marks preserved in red 
argillaceous sandstone of Upper 
Devonian age (Fig. 255), and Jenkins 
(19256: 241), who found rootlet tubes 
with calcareous linings in a lacustrine 
sand of the Pend Oreille River 
in Washington. The limy sheaths 
around the rootlets form hardened 
concretionary masses that ramify the 
sand deposit. Black (1929; 222-223) 
found rooted land plants in a Jurassic 
limestone, and Stutzer and No4 (1940) 
describe and illustrate many examples in coal-bearing sequences from all 
over the world. 

Trees have been overwhelmed and buried by lava and ash, as illus¬ 
trated by the famous “petrified forests” of the western United States 
[Holmes (1882:125-132)] (Fig. 293); they have been overridden by 
continental glaciers, as in the well-known interglacial “forest beds” of 
northeastern Wisconsin^ [Wilson (1932: 31-46); Thwaites (1937; 83-84)]; 
they may be buried by advancing sand dunes and by sand- and silt-laden 


pl(^jUpp<r surface 






IfTt a ulgr strtion crt ri g ht a^1e«Vsimtifieation 

fio. 255.^“Root marks in red argiliaceous 
sandstone of Upper Devonian age near 
Frostburg, Md. The surface on which the 
marks are shown is essentially perpendicular 
to the bedding plane. (Art. 162.) [After 
Barrell, 1913, Am. Jour. Sci. (4) 36: 462. 
Fio. 4.) 


212); Lyell and Dawson (1853: 58-63); Kindle (1895: 349-353); Ward (1896:488-495); 
Bell (1912:328-333; 1914:360-371); Grabau (1921:504, 665; 1924:516); Twenhofel 
(1932: 355-357); Stutzer and No6 (1940: 88-151, 167-168, 214); Lahee (1941: 96). 

* Wilson (1932: 32, 36-37) states: 

The forest bed is found on top of the varved clays, and above that are several inches of 
silty sediment. . . . 

The logs occur most frequently in the layer of sediment above the forest bed. where 
they evidently fell after being broken from their stumps by the glacial ice. Most of the 
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streams;^ and they seem to have been buried rather rapidly^ in coal¬ 
forming swamps and on deltas (Figs. 257, 258). 



Fio. dtiti.—A willow tree partly buried by sediment (1.3 m. ( 4 ft.) thick) on a flood plain where t]cnos\ 

tion unusually rapid for a tiiru* hocausc* of local damininj? of a small stream channel. Coinnare wit! 

Hgs. 257 and 258. (Art. 162.) (A/ter RitUnhouae in JIapp, 11145, Am. Jour. Set., 243: 120, PlaU I 
r ^.1 


It is not uncommon to fin d stumps with the roots embedded in a 

logs are found pointing toward the 80 uthwo.st .... and it is thought that here tiriasT 
ice moved in that direction. 

One stump was found tn«fu . . . . with the butt of the broken-offlog almost attached. 

The roots of this stump extend along the forest bed peat. 

> Kindle (1895: 349) long ago reported an upright Lepidodendron surrounded by 
strikingly laminated whetstone rock, but with its interior filled with nonstratified sand 
like that in the surrounding rock, and Happ (1945: 114-126), in a recent article 
described and illustrated (Fig. 256) a tree in the process of being buried by alluviunr 
probably in somewhat the same manner as the case Kindle described. 

_ * Barrel! (1917: 798), in discussing geologic rhythms and the rapidity of sedimenta¬ 
tion under certain conditions, points out that 


A fundamental conception connected with composite rhythms is that a long time 
interval may be represented by a short columnar section, and yet the individual bed.s may 
bo deposited rapidly. In coal measures, tree trunks may l>c preserved in erect attitude 
showing burial before decay. In marine deposits, sponges and coral colonies are in certain 
beds found smothered m mud. Ammonite shells were partially or whollv buried before 
they cou d bo destroyed. Such burials may have been due to single unusual storms 
recurrently scouring sediment from one locality to deposit it in another. At the most bui 
a few years could have Uen occupied in the burial. These features show rates of accuLla^ 
tion so rapid that even the advocates of very short geological time would have to admit for 
such instances recurrent deposition with lost intervals between. 
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m 


lithified soil bed and the basal part of the trunk extending upward for 

several meters through successive 
layers of the overlying sediment. 
( Twenhofel (1932; 355) states that 
near Madison, Mo., . the stumps 
of a forest of great trees stand silicified 

2 in place of growth in the underclay” 
and further that “ in some of 
the younger coai beds of the western 

3 United States petrified stumps and 
roots are present in situ in the top of 

^ the coal.” 

^ 163. Invertebrate Animals Buried 

'- ^^ Alive by Sedimentary Materials. —Cer- 

Fio. 267.-An erect tree and numerous invertebrate aiumals are firmly 

Calamiltzm the Pennsylvaniari sequence at attached tO the SUbstratum and are 
Joggins, Nova Scotia. 1. Shale and sand- , 

stone containing plants with Spirorhia knOWn aS SeSSile benthos”; OthCFS 

attached. 2. Sandstone and shale. 8 ft. i;,,« i. aj. • 

(2.5 m.) thick, with many erect CalamUea, nve On the bottom in a pOSltlOD 

cieftTc.T^td'in Jh reference to that bottom, 
through 15 ft. (5 m.) of sandstone and shale. Thesc are the boring and burrowng 

5. Gray sandstone. 6. Gray shale. 6 in. e xi_ i aU 

(15 cm.) thick, containing prostrate and erect lOrmS. btlU Others Wander OVCF the 

trees with rootlets: SptVohja on plants. 7. 8. bottom Sind nrP nnllpH “vaerant 

Double coal seam and underclay. (Art. UnO aiB CaiieU Vagruilt 

162.) {A/ler Dav?$on. 1868, “Acadian Geol- bcnthoS ” 

ogy." p. lOS, Fiff. iO.) ' . u -IJ 4 - 

it these organisms build stony 
structures above the substratum and continue to construct until buried 
or if they are buried alive in their burrows or as they travel over the 
bottom materials, the orientation of 
structures and hard parts with refer- ' 
ence to stratification and to the bot- * 
tom on which the organisms lived 
usually is obvious, and makes easy the I 
determination of top and bottom.^ ^ 

> Hall (1852: 8, Plate 4, Fig. 2e) describes 
and illustrates linguloid brachiopod shells ® 

stranded on a layer of Silurian Medina sand- i e a 

stone, and the author has observed similarly F:q. 2f-8.—Tree stump buried in niu in 

stranded shelb in the Silurian Kokomo lime- Pemwyivanian sequence at Joggins, 

stone of Indiana. In the latter rock the (oT m.).*' a Undefcla^y“*4h"‘iwtlets. 

shells lie at the end of a shallow groove made Sandstone passing downward into shale. 

ia the soft ealcareous mud as they were cV.l sL':‘IT 

pushed along by waves or currents. The rootlets and erect CalamUea (7). (Art. 162 .) 

larger pedicle valve is not uncommonly 
pushed on slightly beyond the brachial. ^ 

These stranded shells clearly mark the top of the stratum on which they came to rest. 


WiUtti 




m 




Flo. 2v'8.—Tree stump buried in aifu in 
Pennsylvanian sequence at Joggins. Nova 
Scotia* 1. Shale. 2. Shaly coal. 1 
{0.3 m.)* 3. Undcrciay with rootlets. 
Sandstone passing downward into sbal^* 
3 ft. (I m.), with erect stump resting on tUo 
coal (5). 6-^. Shale and standalone with 

rootlets and erect CaJatni/e^ (7). (Art. 162.) 
(A/ier Dawson, 1868, Action Oeolon* 
p. 200, Fig, 41.) 
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Siliceous and calcareous sponges build tubular and vaselike skeletons 
that could be buried in their upright growth position. Calcareous 
coelenterate heads frequently are buried while alive (Figs. 259 260) and 
the bioher^ they construct usually show by their shape or ’peripheral 
relations which part is the upper surface (Fig. 261). 

The root systems of crinoids and blastoids may be buried in the posi¬ 
tion of life (Fig. 262); edrioasteroids, attached to the upper surface of a 
boulder or shell, may be buried without any disturbance of the object to 
wbch they are cemented; and asteroids and echinoids would obviously 
indicate the top of a bed if they were buried alive. In this connection, 
the boring habit of certain echinoids should be noted, for if the animals 
were buried alive in the depression that they excavated the top surface of 
the substratum would be immediately obvious. 



Th«' stromatoporoid heads buried in position of (frowth by fine coralline sand and mud 

The laminae arch over the larger heads and if seen from above would exhibit quaquaveraal dips The 
head* vary from a few centimeters to a meter in diameter. (Arts. 163. 164.) 


Bryozoans might well be buried alive under certain conditions, and 
the ramose or hemispheroidal zoaria should clearly indicate the top of 
the enclosing sediments in such cases. 

Brachiopods are attached or related to the substratum in several ways. 
Some are attached by a threadlike muscular peduncle; some are cemented 
direfjtly to the bottom or to some object lying on the bottom; and some 
live m holes that they have excavated into the soft materials of the sub¬ 
stratum. If the habits of the individuals of a certain species are known 
definite conclusions can be drawn by observing the relation of the major¬ 
ity of the shells to the substratum (Figs. 263, 264). 

Inasmuch as the mollusks have evolved a ^eat variety of relations to 
bottom materials, many of them if buried alive show the top of the 
deposit by their orientation or relation with reference to the stratification 
plane marking the original bottom. Pelecypods, being both sessile and 
vagrant benthos, as well as boring and burrowing individuals are espe 
cially likely to be useful in this respect. Chitons, if buried alive, would 
have a significant orientation much like that of trilobites (Art 168) 

Among the arthropods, barnacles of the balanid type cement their 
shells to anything on the bottom; if they were buried alive, their position 
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of growth would indicate the top of the enclosing deposit. Trilobites 
and crabs, buried wliile crawling over bottom sediments, clearly indicate 
which is the upward direction by their orientation along the separation 
plane (Figs. 265, 266). 

This incomplete survey of the Invertebrata suffices to emphasize the 
importance of observing the orientation of undisturbed fossils and organ¬ 
ically produced structures and features in sedimentary rocks. A few 

specific examples will now be discussed. 

164. Coelenterate Corolla and Bioherms.—CoraX and stromatoporoid 
heads typically have a ratnose, pyriform, or domal shape; hence, if 

attached to the substratum or if the 
overwhelming majority of coralla at 
a definite horizon have the same 
orientation, it Avould be safe to con¬ 
clude that they were buried in the 
position of growth and to use them 
as a criterion of top and bottom (Fig. 

259) . 

Stromatoporoid genera such as 
ClathrodictyoRf Stromatoceriurn (Fig. 

260) , Beatricia,^ and Cryptophragmus 
might be found in the position of 
growth, and some coralline genera 
such as Columnaria, Favosites, Hahj- 
sites and Flabellum, to mention only 
a few, commonly lie buried in situ in 
the enclosing rock. 

Hemispheroidal, columnar, and 
conical bioherms, such as those 
described by Grabau (1903: 337-362), Cumings and Shrock (1928: 579- 
620, 1928a: 1-226), Fenton (1931: 203-212), Stockdale (1931a: 707 - 718 ), 
Cumings (1932: 331-352), Smith (1935: 48^9), Shrock (1938: 52^562), 
Butler (1940:37-74), Laudon and Bowsher (1941:2107-2160), and 
Parkinson (1945: 155-168), bear relations with the enclosing strata that 
clearly indicate the top or base of the mass (Fig. 261). Quaquaversal 
dips, oversteepening of the enclosing strata next to the bioherm by 
differential compaction, interwedging of biohermal and interbioherroal 
lithological facies, and other less obvious relations are important m 
determining the top or bottom of a biohermal complex. 

1 Twenhofel (1927: 105), in discussing Beairicia, states that “ ... an occasional 
rare specimen occurs in vertical position with the smaller end directed upward, an 
this appears to have been the position during life.” 



Fio. 260.—Colonial Stromatoeerium in mas* 
sivoly bedded Ordovician Lamotto limestone 
of Vermont. The top of the mass and the 
several separation surfaces marking earlier 
tops are consistently convex upward. (Arts. 
163. 164.) 
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166. Crinoid Root Systems .—If one is fortunate enough to find well- 
preserved root structures of crinoids (or other pelmatozoans—cystoids 
and blastoids), it should be possible to determine whether or not the root 
system was buried in the position of growth. If this can be established, 
then the fossil provides a reliable criterion for determining the top of the 
bed on or in which it lies (Fig. 262). Buried root systems are common, 
especially in middle and upper Paleozoic strata, and should be looked for 
in calcareous and argillaceous rocks of those ages. 


Current direction 



Fig. 261.—Biohcrm^. A, Bioherm in MlHsiA^ippian sequence of New Mc^xico. TKe |>eriphcral rela^ 
tions shown in this bioherm are similar to those present around Silurian and Devonian hiohernis of tho 
Michigan Basin. (A/ttr Laudon and Botrsher, 1941. Bull. Am, Assoc. Petroleum Geolooists, 26:2126- 
2120. Fig. 10.) B. A small stumpliko mass of cavernous dolostone in the ini<i»t of tliin-boddcd dolo- 
mitic limestone of middle Silurian age near Lonura. Wis. There has been prominent steepening of tho 
initial dip around tho periphery of the structure because of differential compaction in the surrounding 
calcareous muds. Dozens of these features are present in an area of about 15 acres (see Sbrock (1938)}. 
C. Coelentcrate bioherm lying in tho midst of shale and thin-bedded cherty limestone of middle Silurian 
ago at Wabash, Ind. (see Cuinings and Shrock (1028)). (Art. 164.) 


166. Brachiopods Buried in Position of Growth .— A few paleontologists 
have mentioned or described (and in rare cases illustrated) brachiopods 
that were buried in living po.sition [Opik (1930:44), Twenhofel and 
Shrock (1935:259-260, Fig. 93), and Cooper (1936-1937:26-53)], but 
only a few genera have the kind of attachment to the substratum, which, 
if preserved, could be used for top and bottom determination (Fig. 263). 

Burrowing brachiopods such as the living Lingula may be entombed 
in the sediment at the bottom of their burrows. Thus buried they indi¬ 
cate their burrowing habit and provide a means of determining the top of 
the layer in which they lie, as discussed in Art. 112. If in a shell bed the 
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Fig. 262.—Root system of a MLs.sissippian crinoici. A. View Inokint; directly downward on 
system. B. Diagrammatic sketcl> sliowini; .side view of A. (.\rt. 16.5.) 


the radial 




Subsiraia 



B 




Fig. 263.—Growth positions of braehiopods. A. ModiSed conical valve cemented to a curved sb^ 
fragment partly embedded in the substratum. B. Shell elevated above the bottom by spines, b* 
Shell attached to substratum by fleshy pedicle. D. Comucopialike shell cemented to the substratum. 
E. Shell with long pedicle beak partly buried in the bottom mud. F. Thin shell attached to the bottom 
by means of hingelino spines. Any of these shells if buried in growth position would pro%-ide a means ol 
determining the top of the bed containing them. (Arts. 163. 166.) 




























301 


FEATURES OF SEDIMENTARY ROCKS {III) 

great majority of cemented neotremates {e.g., Orbiculoidea) lie on one 
side of the fragments to which they are attached, it is probable that this 
side represents the upper surface of the deposit. The flat and conical 
valves of a neotremate may also be buried essentially in situ, with the 
latter convex upward as illustrated 
in Fig. 264. 

167. Molhisks Buried in Living 
Position .—Gastropods and pelecy- 
pods usually maintain a rather defi¬ 
nite orientation as they move across 
the bottom, and if they were buried 
alive while active the orientation of 
the shell with reference to the sub¬ 
stratum would have top and bottom 
significance. It is probable, how¬ 
ever, that this kind of burial is rela¬ 
tively rare. However, a specimen of 
Middle Cambrian Burgess shale from 

near Field, B.C., displayed in the Geology Hall of the U.S. National 
Museum, shows hundreds of the tiny conical shells of the gastropod 
Scenella varians Walcott; the animals apparently were buried alive, for 
nearly *all the cones point upward and rise above the bedding surface. 

Certain clams excavate burrows in soft bottom materials, living in 
them at various depths beneath the surface and maintaining circula¬ 
tion with the overlying water by means of a tubular siphon or siphons. 
Individuals buried alive under these conditions would furnish a clue to 
the top of the enclosing bed. Such burials have been reported from 
ancient rocks, but are not common. 

Cox and Dake (1916:34, Figs. 12, 13) describe and illustrate an 
interesting case of the structural use of molluscan borings in California 
Tertiary rocks. They state that A. C. Lawson 

. . . used the traces of the cavities made by boring mollusks to determine the 
structural positions of certain Tertiary formation.s. Such animals bore holes on a 
wave-cut rock surface which increase in diameter downward [see Fig. 143], [The 
borings are preserved by fillings of material different from the enclosing sediment ] 
The containing rock offers absolute evidence as to the side of the unconformity 
on which the older formations lie, the direction of the base of the hole being 
determined either by a variation in size or by the rounded end of the filUng. 

Mollusks that cement their shell to a rock substratum or to objects 
lying on the bottom would, if buried alive, show the top or bottom direc¬ 
tion in the deposit. Fossil “ oysters,” entombed in the position of growth, 



Fio. 264.—Flat (left) and convex (right) valve.s 
of an orbiciiloid brachiopod in typical burial 
p^ition. The conical valve usually b buried 
with the apex of the cone pointed upward. 
The acale b in millimeters. (Arts. 163, 166.) 
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are to be expected in strata younger than the Paleozoic and should show 
relations similar to those they maintain in existing seas. 

168. Arthropods Buried Alive .—Among the arthropods the Crustacea 
are the bottom dwellers most likely to be buried alive in present seas; in 
ancient seas, however, they shared this likelihood with the arachnid 

Merostomata (merostomes and 
eurypterids). 

Permanently attached barna¬ 
cles like Balanus should if buried 
alive offer a reliable criterion for 
determining the top of the enclos¬ 
ing rock (Ai't. 163). 

Trilobites, merostomes, and 
eurypterids were vagrant benthos 
just as modern lobsters and crabs 
are. Like all vagrant benthonic 
animals, they were likely to be 
buried alive by sudden influxes 
of mud. Such burial seems to 
have occurred often, for many early and middle Paleozoic shales 
and limestones contain carapaces so completely preserved that live 
burial seems the only logical explanation (Figs. 265, 266). The well- 
known and often exquisitely preserved trilobites from the Cambrian 
Burgess shale, Ordovician Utica shale, and Silurian Racine doloraitic 



Fio. 266.—Section of two contiguous layers of Racine dolostone (Silurian) of eastern Wisconsin, showing 
longitudinal and transverse sections of specimens of the trilobite Calymem buried in crawling position. 
Dozens of similar specimens commonly occur in an area of a few square meters. Some of the carapace 
may have been molts. Compare with Fig. 265. (Arts. 163. 168.) 

limestone; the delicate merostomes from the Cambrian Lodi shale; the 
widely illustrated eurypterids from the Silurian W'ater limes; and the 
crabs from more recent rocks are all examples of arthropods buried alive 
(see also Art. 178 and footnote 2 on page 318). 

It is recognized that complete carapaces^ of the arthropods just men- 

• Some complete or nearly complete carapaces may represent molts buried so 



Fig. 265.— Positive impressions of two spccuncn^ 
of Cdli/mene from the Silurian Racine formation at 
Milwaukee. (Li^ht is from the lower right.) 
Hundreds of specimens have been found, and in the 
majority of cases the carapaces wore buried in 
living position. Compare with Fig. 266. (Arts. 
163. 168.) 
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tioned might be preserved even if the animal had died before burial, but 
such burials are probably not common. 

169. Borings, Bun'ows, and Tubes.—The top and bottom significance 
of borings and burrows made by certain invertebrates is discussed fully 
in Arts. 110 and 112. Suffice it to state here that those borings and 
burrows which can be proved to have been excavated downward into the 
soft sediment or hard rock of the substratum are reliable top and bottom 
indicators.^ 

A few invertebrates secrete calcareous tubes, which are cemented to 
the hard rock bottom or to boulders, shells, and other objects on the 
bottom. One of the best known and of greatest antiquity is the tiny 
coiled tube of the worm Spirorbis. If many of the shell fragments on 
only one surface of a fossiliferous layer were covered with these tubes or 
others of similar nature, whereas the fragments of the opposite surface 
lacked them, it would be logical to conclude that the former surface was 
the top side of the layer. 

170. Trails, Tracks, Footprints, and Other Impressions Made by 
Sedentary or Moving Organisms. —Sandstones, shales, limestones, and 
coals are full of raised and depressed features made in soft sediments by 
animals and plants. If the mode^ and conditions of formation of the 
feature can be established or if its top and bottom significance can be 
observed in undisturbed rocks, the feature can then be employed with 
reasonable satisfaction in determining the attitude of steeply inclined 
beds. 

The literature of trails, tracks, and footprints is voluminous and in 
many languages, and no attempt is made in this work to list more than a 
few of the more recent or well-known references (see Art. 111). The 
features are discussed at length in Art. Ill, and little further comment is 
necessary here. Suffice it to state that both raised and depressed features 

soon after being shed that they did not disintegrate. Since these would tend to 
retain the same relative position as that of the animal itself, they arc fully as reliable 
as carapaces of animals buried alive if a few can be found with the same orientation 
on a single bedding surface or within a thin layer. 

‘ An additional structural use to which the borings of marine animals may be put 
is in determining whether uplift or subsidence occurred after the boring was made. 

In this connection, Barrows (1013: 130) states 

The remains of marine animals which are known to habitually boro into rock is evidence 
ol an unconformity, because it presupposes the existence of a firm bed in an earlier forma¬ 
tion. hard enough to attract the borers, before the overlying beds were laid down. Subse¬ 
quent crustal movements were upward if the holes are found to have been eroded or filled 
with terrestrial deposits, or downward if filled with marine deposits. 

[See also Cox and Dake (1916: 34), Barrows (1917: 965-972), and Art. 167.1 

» A case in point is that of the well-known Upper Cambrian trail ClimactichniUs 
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down slopes toward deeper water or along the bottom until they come to 
rest, quite probably in some position other than that of growth. The 
final deposit is a layer of fossils with a calcareous or shale matrix in which 
the individual fossils are oriented at random. In nature it is quite com¬ 
mon to find this kind of fossiliferous bed succeeded by shale representing 
mud washed in after a flood on land or a storm at sea (see Art. 166). 

174. Reorientation by Penecontemporaneous Deformation of Enclosing 
Sediment. —If, in accumulations like the one just described, shells and 
other fossils are not numerous enough to make a continuous layer, so 
that soft sediment constitutes most of the bottom deposit, the heavy 



Kig. 268. —Reorientation of buried shells by penecontemporaneous deformation of enrlosimt sedimeni. 
Some of the shells are completely filled with black carbonaceous shale: others have a composite filhpf^ 
—the lower part of black sediment, the upper of s:ray calcite» The plane of composition of the pariw 
shale fillings was horizontal at the time sediment entered the shclb, but most of the shells containing th^ 
incomplete fillings were reoriented during Oowage of the enclosing mud. In general, however, the shells 
have been rotated not over 45® from their original position so that the top of the bed can be determined 
by noting the relation of the incomplete filling and its plane of composition to the general bedding m the 
rock. Reduced (X (Art. 174.) 

articulated shells may sink into the soft mud. As the latter flows, 
already buried or partly buried shells are rotated from their original 
position. Inasmuch as many of the shells in this kind of deposit are 
likely to be only partly filled with mud, it is possible to determine the top 
of the fossiliferous layer by noting on which side of the flat plane^ marking 
the upper surface of the partial filling the cavity or its secondary filling 
lies. It is necessary, of course, to select for this purpose only those shells 
which have the plane essentially parallel to the bedding. Partly filled 
shells that have been rotated far from their original position by mud 
flowage should be ignored (see Arts. 1, 180 to 183, and Figs. 1, 268). 

* Cullison (1938: 987) has proposed calling this surface the “plane of composition, 
defining it as the horizontal plane of an incomplete filling formed at the time when t e 
material is introduced into the shell (see Art. 182). The designation has been adopt 
here as applied to incomplete fillings in all sorts of cavities. 
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Cullison (1938:986) credits Walter H. Bucher for the information 
that in certain beds of Upper Ordovician age partly filled shells, reworked 
after the filling had hardened, now lie in the rock with the planes of com¬ 
position having random orientation. This situation should be compared 
with Fig. 268. 

175. Smothered Bottoms .—The upper surfaces of many thin marine 
limestone beds alternating with shale layers have an unusual assemblage 
of fossils composed of complete, well-preserved, and commonly very 
fragile and delicate specimens associated with the comminuted organic 
debris remaining after scavenger action. Upon separation from the 



Fio. 2en.—Smothered bottoms. DioRram showing thin-bedded Ordovician lin>e*toncs near Kentland 
Iiid.. with wcll-prcaervcd fotwila on the vipiicr surface of the beds and macerated shell material scattered 
throughout. The intercalated shale layers are interpreted as representing sudden influxes of mud that 
hunccl the hottom-dwelling organisms. After the water had cleared, the fauna from ncighhorine 
bottoms unaffected by the mud moved in and established itself. The strata dip north at an ancle 
of 30®. See Fig. 270. (Art. 175.) ' 

contiguous shale the bottom of the limestone layer shows few if any recog¬ 
nizable fossils, whereas the top surface, from which some of the adhering 
shale may have to be removed, reveals the assemblage just described. 
A transverse section, especially if viewed under a microscope, shows that 

the bulk of the limestone layer is composed of comminuted fossils fFies 
269, 270.) ^ ‘ 

This feature was helpful to Shrock and Malott (1933: 347) in deter¬ 
mining the correct order of succession of steeply tilted and vertical 
Ordovician limestones near Kentland, Ind. Their discussion follows: 

The numerous fossils which were collected from this quarry came mainly from 
the upper side of the layers [which dip northward from 51® to 70®]. The fossils 
themselves are firmly imbedded in the limestone, and are separated from the 
overlying layer of limestone by a very thin shale layer. The shale layer produces 
a zone of weakness along which the beds separate easily. 

It may be suggested that the change from calcium carbonate precipitation to 
an infiux of mud buried the organisms living on the bottom before the scavengers 




Fig. 270. —Small portion of a smothered bottom showing complete and fragn^ented shells as they lay 
when overwhelmed by a sudden influx of mud. Some of the gray calcareous mud can be seen l^twecn 
the larger shells. It is to be noted that most of the shells are convex upward. An assemblage like th^ 
would not be found on the lower surface of a bed. The rock is Upj)er Ordovician limestone from Anti* 
costi Island, Canada. {Arts. 175, 178.) 

In a later discussion of the Kentland area, Shrock (1937: 514) states 
that the faunal assemblage of one of the stratigraphic divisions consists of 
smaller than normal bryozoans, brachiopods, and ostracods which 

. . . are especially abundant on the upper sides of the layers but often are not 
visible because of the argillaceous films which separate the layers. The layers 
themselves are composed largely of comminuted shell matter. Apparently the 
comminuted materials represent shells macerated by scavengers and fragmented 
by waves, whereas the well preserved fossils on the upper sides of the layers were 
saved by an influx of mud which buried them instantly. 

Smothered bottoms, an expression here introduced for fossihferous 
surfaces similar to those just described, are common and widespread m 
sequences composed of alternating marine limestone and shale layers 
(Fig. 270). 

Many years ago Shaler (1888: 412-~415), in discussing the origin of the 
divisions between layers of sedimentary rock, pointed out that 
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could chew them up, because tlm remainder of the limestone bed is to a large 
extent composed of pulverized shell fragments. Hence the side of the limestone 
layer having the fossils imbedded in it and in turn covered by shale would repre¬ 
sent the top of the bed. 
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. . . the upper part of a layer of a limestone abounds in well preserved fossils 
which project slightly from its surface, while the lower layer of the overlying 
limestone stratum exhibits no such distinct fossils. Those which it contains are 
more or less commingled with the clay matter. 

He went on to say that the argillaceous material of the barren shale 
partings between the limestone layers has the same nature as the matrix 
of the fossiliferous beds, and he ascribed the death and burial of the 
organisms in such sequences to earthquake shocks which killed the 
animals and affected their burial through stirring up the bottom materials. 
Although this explanation may be satisfactory in some cases, there are 
many others in which the organic debris obviously was not disturbed 
immediately before burial, for the most delicate structures of the assem¬ 
blage remained intact on burial. More satisfactory for examples such as 
the latter is the explanation offered by Barrell (1917: 833), who accounted 
for fossiliferous layers intercalated with barren shale layers as follows: 

. . . shells of living or recently dead mollusks were buried rapidly, perhaps in a 
single culminating storm, by a blanket of wave-stirred mud. During times of 
slow accumulation the successive generations of shells would be completely 
destroyed by boring animals, by solution, and by the recurrent wear of wave 
action. Thus it is characteristic of fossiliferous formations that the fossils occur 
in thin layers between much thicker unfossiliferous beds. Within the layer the 
shells are commonly well preserved, though often showing a disturbance by wave 
or current action. The preservation of fossils is, then, following this view, 
generally due to the recurrence of culminating storms at long intervals, which, 
stirring the bottom to unusual depths, suddenly bury a layer of organic debris 
beneath a protecting mantle of argillaceous or calcareous mud. 

Twenhofel (1931: 422) has also pointed out that 

Many marine limestones overlain by shales contain excellently preserved fossil 
shells on their upper surfaces, a preservation readily explained on the basis that 
the overlying shales were deposited sufficiently rapidly to bring about entomb¬ 
ment before the shells had been seriously injured by scavenger organisms. 

[See also Dapples (1938: 64)]. 

A second substance that can smother and penetrate the organisms 
and organic debris of a bottom is gelatinous silica. Figure 271 shows a 
layer of chert consisting of a fossiliferous lower part and a barren upper 
part. Chert layers of this kind are common in Middle Western Missis- 
sippian limestones and probably are \videspread. They are believed to 
have been formed in the following manner: A bottom covered with 
myriads of echinodermal fragments was overwhelmed by an influx of 
gelatinous silica that, settling out of the overlying water, sank into and 




Fig. 271.— Mississippian crinoidal fragments buried by silica. Gelatinous silica overwhelmed tbo 
crinoidal sand, filling the interstices and finally completely covering the bottom to a depth of severaJ 
centimeters (5 cm. = 2 in.). Typical chert layers in exposures have a spongy basal port, caused by 
solution of fragments* and a dense* conchoidally fracturing up|>er part. Compare with Fig. 272* 
(Art. 17fi.) 

176. Random Burials .—Spheroidal and ellipsoidal organic hard parts, 
if buried singly by muds or gelatinous silica, are likely to show the top of 
the entombing deposit by characterisitc relations to the surrounding 
sediments. 

If a shell or other fossil lies partly or completely embedded in one 
surface of a chert nodule, its position is likely to be at the base of that 
nodule for several reasons. On the assumption that the object was 
overwhelmed by a descending mass of gelatinous silica, the latter would 
flow around and to some extent under it, as well as covering it, and upon 
hardening to a chert nodule, probably flat on the underside, would hold 
the entombed fossil in a firm grasp (Fig. 272). On the other hand, if the 
hard part dropped into a mass of gelatinous silica, it would if it had much 
weight sink into and through the soft silica, coming to rest at the bottom 
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filled all the voids of the highly permeable and porous accumulation for 
a considerable distance below the surface. After the silica had com¬ 
pletely covered the debris, it continued to be deposited as a layer free of 
fragments. It then hardened to chert, and the latter, when brought into 
the zone of weathering, was attacked along joints by ground water. 
The calcitic fragments were dissolved, and cavities were left to give the 
lower part of the chert layer a porous nature; the upper part, being largely 
unaffected, remained as dense, conchoidally fracturing chert. 
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of the siliceous mass, where its relation to substratum and entombing 
material would be essentially the same as in the previous case (Fig. 271). 
In this kind of burial the organic hard part will probably retain its original 
composition, which is usually calcareous, for, as pointed out by Fowler 
et al (1934:50),^ “ if any fossils could sink into the gel they 
should collect at its base. Then in order that they be silicified, silica 
would have to diffuse through the silica gel”—a reaction that does not 
seem likely. The hard part may be removed later by solution, so that 
the only remaining record of its existence is a cavity on the walls of which 
are impressed the features of the external surface of the hard part. As a 
result of these modes of burial, cherty nodules may preserve the only 
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Fig. 272.—Burial of orKanic fraRtncnta by .silica. A . A shell sinks into and throuRh a discoiclal ma^ of 
Rolatinous silica, coming to rest on the substratum completely surrounded by silica. Later it becomes a 
f^il in a chert nodule. B. Small globules of gelatinous silica build up a discoidal mass around and 


record of the life of a given bottom, for scavengers will have destroyed all 
the organic debris not protected by the silica. 

Individual coral heads, massive bryozoan zoaria, complete brachiopod 
shells, and other organically produced hard parts, if buried singly by mud, 
are likely to show the same peripheral and top relations to the surround¬ 
ing and covering laminae as buried boulders (see Fig. 259 and Art 107) 
The surrounding laminae end abruptly against the object, generally 
rising sharply just at the contact, and later laminae arch gently over it. 
If the object is heavy enough to overcome the resistance of the supporting 
bottom materials, it sinks into them slightly and may produce visible 
disturbance; otherwise it merely rests on the surface of the substratum. 

177. Shell^ Heaps and Channel Deposits.—On bottoms of strong current 
action, two significant features are occasionally formed. Under certain 
conditions the more resistant structures of plants and the hard parts of 
animals are heaped up on the bottom in windrows or mounds, between 
which the bottom is barren of organic remains. Mounds like these 
consisting of finely comminuted corals, bryozoans, and brachiopods, rise 
as much as a meter above the top of the Silurian Byron dolomitic lime- 
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stone of eastern Wisconsin (Fig. 273). They are especially significant 
because the fauna they preserve constitutes about the only record of the 

life of early Byron time. 

Scott (1930; 53-56) describes heaps 
and ridges of shell fragments in the 
Cretaceous Fredericksburg limestone 
of Texas, pointing out that they have 
the form of large asymmetrical- and 
oscillation-ripple ridges (see Arts. 70, 
79, and Figs. 65, 85). These ridges 
average about 85 mm. (3^ in.) in 
height and are spaced somewhat over 
1 m. apart. They trend northeast- 
southwest, parallel wth the old 
Cretaceous shore line. The profile of 
the two types of clastic ridges provides 
a reliable top and bottom criterion. 

Strong bottom currents may cut longitudinal channels or excavate 
shallow basins in the bottom sediments, and these, if backfilled with 
organic debris and subsequently 
buried, constitute a useful top and 
bottom feature. In such depressions, 
as at Kcntland, Ind. (Fig. 274), the 
fauna preserved in the channel fillings 
may be the only extant record of the 
life present in the general neighbor¬ 
hood at the time when the channels 
were cut, the other remains having 
been swept away by the currents that 
backfilled the depressions (see Art. 

132.) 

Hall (1843:236, 237) describes 
and illustrates an interesting case of 
fossils preserved on the underside of 
the counterpart of a channel about 
60 mm. aoross and several millimeters 
deep, and Westgate and Fischer 
(1933: 1161-1172) report bone beds 
filling channels on the upper surface 
of the Devonian Columbus limestone 
of Ohio (Fig. 187). 

Both shell heaps and channel deposits of fossils, although somewhat 



Fio. 274*—Foftsi liferous scour-and-fill 
ture in thin-bedded dolomitic Ordovician 
Umestone near Kentland» Ind. The channe 
was scoured out by current action wd then 
backfilled with comminuted material con¬ 
sisting of bryosoan shreds, brachiopod valv«. 
and small oetracods. In the field 
feature proved useful in corroborating 
conclusions drawn from other data. T e 
strata dip 60® to the north. The 
middle stratum is about 5 cm. (2 in*) 

(Arts. 132. 177.) 



Fig. 273.— Shell heap along contact between 
Mayville and Byron formations of eastern 
Wisconsin Silurian. Shell fragments were 
heaped in low mounds and ridges on a shallow 
bottom and later buried by calcareous muds 
of the Byron. The material of the mounds 
consists of shell fragments, bryozoan shreds, 
sniall coral heads, and tiny mollusks* (Art. 
177.) 
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similar in size and shape, can be useful in top and bottom determination 
It it IS possible to determine their true nature. 

in Separation and Burial of Plane, Convex, and Concave Hard Parts. 
On bottoms where waves and currents are strong, the liard parts of 
orgamsms, released by decomposition of the flesh and tissue that once 
held them together, are subjected to the actions of the agitated water. 
^ a result of the agitation some exoskeletal and skeletal structures are 
dismembered, many hard parts are broken, and all the organic debi'is is 
sorted out, transported, and ultimately deposited in conformity with the 
competency of the transporting agents, the nature of the constituent 



. .pccimcn Of Ordovici.n Pla.t.vmc lime'ro„; Zn ..d Tl J," 

natural mzo. Tho material gllintf the ahelU U similar tn ttw* -^n f whown as about 

make the foesiU more conapicuous. (ArU, 176, 178) ^ luuestone but is iTosshatched to 

hard parts, and the environmental conditions prevailing at the sites of 
deposition. 

Hard parts having top and bottom significance by virtue of their 
ultimate burial orientation include conoidal or semiellipsoidal coralline 
coralla, valves of brachiopod, pelecypod, ostracod, and conchostracod 
shells, and exoskeletal shields of trilobites, eurypterids, crabs, and other 

In relatively quiet waters these flat and curved hard parts merely 
collect where released from the animals upon their death and decomposi- 

'li^tated by bottom conditions. 

to indicate which part of the deposit is younger. One feature preLul 
mentioned (see also Art. 183) is the semilenticular cavity or cavity filtj 
on the underside of certain curved fragments oriented with their convexity 
upward. Since a chaotic mass like the accumulation just described is 
almost certain to have curved fragments with almost every direction of 
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orientation, the presence of the semilenticular cavities and their fillings 
under fossils with only a certain orientation gives a means whereby the top 
of the deposit, as well as original horizontality in the mass, can be deter¬ 
mined (Fig. 275). 

On bottoms where current action is appreciable, shells and exoskele¬ 
tons may be buried quickly after being turned to a stable position on the 
bottom. This is particularly true of planoconvex and concavoconvex 
brachiopod and pelecypod shells. Planoconvex shells of Hesperorthis 
come to rest with the flat valve down and the highly curved valve convex 
upward (Figs. 276 to 279). The same is true of articulated pelecypod 
shells of the pecten type buried under similar bottom conditions. Resupi- 

nate and concavoconvex 
brachiopod shells, and both 
individual valves if they be 
separated, also come finally to 
rest with the valves convex 

upward (Fig. 278, 279). 

On bottoms of moderate 
current action (i.e., where the 
currents are strong enough to 
bring in and turn over convex 
valves but too weak to wash 
away the accumulating mud) 
the individual valves assume 
an imbricated relationship as 
they are buried. In a single 
layer, therefore, the valves on 
the bottom are concave with 
reference to the bedding surface; those within the bed are arched upward 
if viewed in transverse section; and those on the upper surface are con¬ 
vex with reference to the layer (Fig. 279). It is possible, therefore, to 
determine the top of such a bed by viewing a transverse section or one of 
the bedding surfaces. 

On bottoms of strong current action, where fragmental and detrital 
sediments are the rule, coralla, bivalve shells, and crustacean exoskeletons 
and shells are carried over the substratum as far as the current can float, 
roll, drag, or slide them. During this transport the individual valves of 
the shells and the segments and shields of the exoskeletons are almost 
certain to be disarticulated or pulled apart and then separated spatially 
in conformity wth their shape, size, and weights It is not uncommon to 

1 If the plane and convex valves of a given species of brachiopod or pelecypod or 
the cephalic and pygidial shields and thoracic segments of crustaceans are buried m 



Fiq. 276. —Granular arf^illaceous limestone containing 
separate valves and complete shells of a dorsUbiconvex 
brachiopod like Atrypa, In the upper zone the convex 
dorsal valves are disposed so as to rest convex upward. 
In the middle flat or slightly arched ventral valves are 
arranged with variable orientation but with a tendency 
to imbricate* In the lower zone complete shells lie with 
the flat valve parallel to bedding and the strongly arched 
valve convex upward. The diagram illustrates how shells 
are disarticulated and the separated valves selecti%'ely 
concentrated under strong current action. (Art. 178.) 
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find contiguous layers with one showing mostly complete shells, the next 
full of convex valves, and still a higher one containing flat valves—all 
belonging to a single species. Such a succession merely shows that the 



Fio. 277.—Section of a. foK»ilifero«is limestone from the MLssLvtippian Windsor croup of Nova Scotia, 
showing nuinerovis current-strewn hrucluopod valves that lie convex ui>ward in the rock. The hulk of 
the rock consists of small concretionary calcareous i>ellcts. Slightly reduced (X.8). (Art. 178.) 


bottom currents in one specific locality varied in competency through the 
period of time represented by the deposits (Figs. 27G, 278}. 

Usually the flat valves of bivalve shells and the flat plates of crus- 



Pio. 278. Current-Htrown valves of Sowerbytlla (XI). a concavo-convex Orrioviciuri brachiopoci. The 
enclosiriK sedirnont in arKillaccoua und 6nely granular IhncHtone. The «i>ccirncn from which the diagram 
wa» made came from Trenton Falln, Now York. It is worth noting that the plightly curved dorsal 
valvcd tond to lie convex upward the aaine as the more strongly curved ventral valves. (Art. 178.) 

tacean exoskeletons come finally to rest parallel to the bedding or in 

dose as.socintion, it would be reasonable to infer that the currents or waves which 

broke them up were gentle. If, on the other hand, pieces of a definite shape, size, 

or weiglit are selectively concentrated, it is obvious that the currents had sufficient 

competency and persisted long enough to effect a complete separation of the fragments 
involved. 
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shingled position, and their orientation has no structural significance 
(Figs. 276, 278). 

Curved plates, on the other hand, are carried along until turned so as 
to be convex upward. Since this is the position of greatest stability for 
curved plates lying in the path of a current, as pointed out long ago by 
Sorby (1908: 189)' and reiterated by numerous textbook authors since 



Fig. 279. 1 lirco views of a thin fossiliferoiis limestone layer, showiric preferr(‘<l orientation of the two 

valves of the concavo-convex Ordovidun brachiopod SouTr6j/eHa. A. View of undersurface, showing 
both ventral and dorsal valves convex upward (concave with reference to the bedding surface on which 
they he). B. View of upi>cr surface of same specimen a.s A. showing both valves convex upward. 
C. Transverse section of same Bi>eciincn as A an<l B. showing most of the valves convex upward. I" 
this section it should be noteil that two of the valves in the middle of the illustration have a calcile- 
fillcd cavity un<ler them. (.\rts. 178, 182.) 


then, most of them are buried in this position, the direction of convexity 
indicating the top of the layer (Figs. 276 to 279). 

Examples of selectively oriented fossil fragments are to be found in 
rocks of all ages from earliest Cambrian to coquinas on present-day 
beaches. Convex arthropod carapaces, in toto and as represented by 
individual shields and thoracic segments, are familiar to every paleontol¬ 
ogist.^ Upper Cambrian brachiopods, as illustrated by and 

* Sorby (1908: 189) found that "'separate valves of bivalve shells . . . easily turn 
over and lie wth their convex side upwards, so as to offer much resistance to a current, 
and may thus be sorted by being left alone.” 

As pointed out in Art. 167, the tiny conical shells of the gastropod Scenello t'ariof^ 
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Wesionia, to mention but two genera, are more often than not arrayed on 
bedding surfaces with convexity upward (Fig. 280). Similarly oriented 
brachiopod and pelecypod valves are abundant in Ordovician strata of 
North America, as illustrated in Figs. 270 and 279, and there is no reason 
to suppose that they do not also occur in strata of the same age in other 



Fio. 280.—The top surface of a thin layer of Upper Cambrian sandstone from Wisconsin. showinK boHi 
valves of the brachiopod Wealonia lyinj? convex upward, the preferred position of burial if there is 
appreciable bottom current. ContiRuous layers commonly separate alonR a surface where shells are 
concentrated, and a few valve.s may cling to the iitulcrsurfacc of the overlying layer. (Art. 178.) 


continents. The Ordovician Utica shale contains trilobite remains 
lying convex upward* on the top surfaces of beds and concave downward 


Walcott lie with the cone pointed tipward and rise alcove the general bedding surface. 
The position of entombment indicates that the animals were buried alive. 

‘ An unusual mode of burial, in which the exo.skeleton.s lie with their convex backs 
down, is illustrated by the well-known assemblage of Triarlhrus becki individuals long 
ago described by Beecher (1804: 38-43). Exoskeletons complete witli appendages and 
ranging in age from small larval forms to full-grown individuals lie with their backs 
down in the enclosing sediment. Since this position is presumably the opposite of 
that assumed in life and also since it is obvious, from the excellent state of preserva¬ 
tion of the delicate ventral parts of the organism, that the environment of burial must 
have been one of quiet water, unusual conditions have to be postulated to explain the 
death position. Realizing this, Beecher (1894: 38-43) suggested that the trilobites, 
which could swim freely or crawl along the bottom, were killed by a sudden change in 
temperature brought about through a shift of currents and that (p. 40) “ ... on 
dying, they coiled themselves up in the same manner as the recent isopods. Then 
upon unrolling they would necessarily lie on their backs. Even if they did not coil up, 
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on the bottoms (Fig. 281). A similar assemblage has been observed in 
the Silurian Racine dolostone of eastern Wisconsin, where the highly 
convex cephalic and pygidial shields of Bumasius ioxus are stacked one on 
top the other, convex upward, like inverted evaporating dishes in a chemi¬ 
cal supply room (Fig. 282). It is significant to note that a few meters 
above the Bumastus layer there is a veritable coquina of brachiopod, 
mollusk, and trilobite remains in which the individual fragments have 
random orientation. 



Fio. 281.—Ordovician carbonaceous shale (Utica) from Colling\voo<l. County of Grey. Ontario, con- 
taming tnlobitc remains. A. Top surface of a loyer with two convex pygidia. B. Undersurface of 
covering layer w>th concave impression ot A, C, Undersurface of layer A^ showing concave impres¬ 
sions of two pygidia and one cranidium. All specimens reduced (X0.5). (Art. 178.) 

Oriented brachiopod and pelecypod valves are common and wide¬ 
spread throughout strata of the later Paleozoic (Fig. 277), and the latter 

any swimming animal having a boat-shaped form would settle downward through 
the water with the concave side up.” 

Laudon (1939: 211-213) has reported an unusual assemblage of carapaces of the 
Ordovician trilobite Isotelus gigas Dekay in the Bromide formation of southern 
Oklahoma. The assemblage is unusual for several reasons. Large congregations of 
excellently preserved specimens are present on the bedding surfaces of limestone 
layers, and the fossils commonly overlap because of being crowded closely together. 
Of special interest in our present discussion is the fact that (p. 213) “about half of the 
specimens are oriented in the ventral position so that the hypostoma is commonly 
exposed in position. This assemblage seems to be an e.\cellent example of trilobites 
buried suddenly either while alive or almost immediately after death. 
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are characteristic of both Mesozoic and Cenozoic shell beds the world 
over. 

If the actual curved valves that were deposited in the manner described 
in preceding paragraphs have been dissolved away, the containing bed 
tends to split through the cavity once occupied by the fossil. If the valve 
lay in complete contact with the underlying sediment, its original upward 
convexity is reflected by a small mound on the upper surface of the separa¬ 
tion plane and a similarly shaped dome in the base of the overlying layer. 
On the other hand, if the valve was not pressed firmly into the substratum 
at the time of burial, so that a cavity remained under the highest part of 
the arched fragment, the surface of splitting will show the mound trim- 


fossi / iferoos 
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Fio. 282.—M^ivo Racine dolostono (Silurian) from eastern Wisconsin showing an upper fossUiforous 

[rilVhOl ® ® orientation and a lower in which ernnidia and’T’ygidia of the 

trilobit* aufTwWus arc arranged convex upward. The two fossiliferous layers, which altSnate witl. 

cated by a horizontal plane—the plane of composition—but the dome will 
appear as before (Fig. 283). 

organic structures, such as 
the trunks and limbs of trees, the shells of large cephalopods, the valves of 

large pelecypods, and the bones of animals, after coming to rest on the 
substratum where they are ultimately to be buried may be eroded on the 
upper surface before entombment. Since such an eroded surface, lacking 
the original features onee present, would contrast sharply with the under¬ 
surface, which would retain those features, it constitutes a possible top 
and bottom criterion and has been used as such by Steam (1934: 151 
154), who found differentially eroded stems of Calamites in tilted beds of 
Pennsylvaman age at the Parnell Hill quicksilver mine in Arkansas. 
He describes the fossil as follows (page 151): “In the shaly-sandstone a 
specimen ol Calamites stanleyensis was found with the delicate reed 
flutings on its north side meticulously preserved and its south side 
smooth. He concludes: “It is considered probable that the preserved 
flutings were buried in mud, leaving the other side to be worn by wave 
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wash. The smooth side would thus suggest the top of the beds. In 
each case the smooth side was found toward the south.” 

Doubtless other examples of differentially eroded fossils would be 
discovered if a more careful search of geologic literature were made wth 
the matter in mind and more especially if the phenomenon were sought 
in the field. 

180. Primary and Secondary Fillings of Hollow Organic 
Structures. —Sedimentary rocks contain certain kinds of organically 
produced cavities that if partly filled may serve as top and bottom cri¬ 
teria. In order to be useful these cavities must be partly filled, and the 
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Fio, 283.—A. Fossiliforous sandstone showing complete and incomplete positive impressions left by 
brachiopod valves. The flat-topped incompJeto impressions may have had their form originally, as 
illustrated in B, or may be the result of the top part adhering to the overlying layer. B. Diagrams 
showing how positive impressions are formed in sand. 1 shows two valves that have settled into the 
sandy substratum, The left one is fully supported, whereas the right one is not and will be buried with 
a cavity under the highest part of the arched valve. In 2 the valves have been buried and later dis* 
solved away, but the underside of the covering layer preserves an impression of the original sandy 
bottom with the valves in place. 3 shows a top view of the complete and incomplete positive impres¬ 
sions as they would appear on a bedding surface. (Arts. 178, 182. 183.) 


filling hardened, before the bed in which they lie is disturbed. Under 
these conditions the flat upper surface of the partial filling marks the 
horizontal plane at the time of formation and indicates the top of the 
deposit in which it lies.' 

This flat upper surface, which Hadding (1929; 63-64) recognized as a 
geological spirit level and to which Cullison (1938:983) applied the 
expression plane of composition, is of great significance in partly filled 
cavities. Since it defines horizontality at the time of formation, it 
is parallel to the bedding if there is no initial dip (Fig. 284). If t^ere is a 
small acute angle between the plane and the bedding, that angle indicates 

*The upper portion of the cavity may remain empty; it may be filled shortly 
after the shell is buried or long after by calcite or silica; and it may even become empty 
again by solution of the secondary filling. None of these conditions affects the use 
of the primary partial filling as a top and bottom criterion. 
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the amount of initial inclination* (Fig. 285). In cases where both plane 
of composition and bedding surface are gently inclined to the present 
horizontal plane, the latter somewhat more than the former, either the 
bed has undergone steepening of dip by differential settling or has been 
folded, the actual amount of rotation being the angle between the hori¬ 
zontal plane and the plane of composition (Fig. 286). Finally, if the 
plane of composition is parallel to bedding and the beds are folded, the 
angle of inclination is the total amount of rotation from the horizontal 




Fig. 284.—Incomplete filHnga. A. A brachiopod slicll that remained empty after burial—a rather 
uncommon phenorricnon. B. A shell that became geodued after burial by growth on the inner surface 
Of radially directed calcite crystals. In some shells the crystals are confined to the lower nart of the 
internal cavity (see Fig. 288). C. A shell that was completely filled at time of burial. D Shell with 
on incomplete filling. The flat surface of the incomplete filling Ls the j.lane of composition pc E 
ft icll with composite heterogeneous filling composed of an incomplete filling of mud separated bv the 
p anc of compoeition from the calcite-fillcd upiK-r cavity. F. Shell with a composite homogeneous 
filling composed of two mud elements. After the shell had been about half filled and the mud alighflv 
consolidated, it was tilted or rotated into a new position and the mud introrluccd later is diffcrentlv 
stratified (see /). No enclosing sediment Ls shown since the shell ha.H been reoriented to conform with 
to t. Ita true PwiHon u shown m I. O. A pelccypod with an incomjdete filling. //. A gastropod 

‘"if' ^ partly filled another position and then 

rotated to the pwition shown in which the remaining cavity was filled. The complete filling therefore 
w composite and homogeneous. J. An incompletely filled ccphalopod shell. (Arts. 180. 182.) # 


(Fig. 286). This structural use of partly filled cavities is similar to that 
of inorganically produced cavities discussed in Arts. 1 and 158. 

If at some time long after burial a fossiliferous bed is subjected to 
weathering, ground waters will deposit calcite, silica, and less commonly 
other substances in open spaces. In this way the interstitial voids of 
highly fossiliferous layers are partly or completely filled. Of more 
importance for the present purpose, however, is the fact that hollow shells 
partly filled with bottom sediments during or soon after burial, are now 

> Culhson (1938: 985-986) points out how initial inclination and subsequent 
steepening of dip by compaction, ete., might be determined in strata peripheral to 
buried and resurrected hills of the Ozark region, where Bridge and Dakc (1923: 93-99) 
recognized dips as great as 30». Other possible uses of incomplete fillings are identifi- 
cation of tilted cross-laminated beds and recognition of reworked or disturbed fossils 
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completely filled with the introduced substances. Small cavities left 
under curved valves lying convex upward are likewise filled, and any 
other partly filled cavities in the rock are likely to be completely filled. 
Those cavities which were partly filled originally and later completely 
filled have a bipartite filling which might well be designated composite. 
It consists of two parts, a lower deposit of massive or laminated sediment, 
essentially like that of the enclosing rock, and an upper hemispheroidal 
part composed of calcite, silica, or some other introduced substance. 




Fio. 285.—Incomplete fillings as indexes of initial dip. A. Diagram of gently inclined straU on the 
flank^of a buned hill. Two shells with incomplete fillings, as shown at the left, indicate the initial dip 
of the strata. B. Inclined strata on the flank of a bioherm. Their initial dip is indicated by the 
bracbiopod shell with an incomplete filling, as shown at left. (Arts. 180, 182.) 

The two parts are separated by the flat and originally horizontal plane of 
composition. 

The cavities under discussion are most common in oolitic and pisolitic 
algal limestones, in the hollow shells of brachiopods, gastropods, and 
cephalopods, and under single, curved brachiopod and pelecypod valves 
Ijdng convex upward in the rock. 

181. Cavities in Algal L/imesiones .—Those algal limestones codQ" 
posed dominantly of concentrically laminated spheroids and irregularly 
shaped concretions lying in a matrix of calcareous fragments and fine¬ 
grained sediment commonly have scattered spheroids and ellipsoids that 
were originaUy hollow. After formation of the hollow shell, openings 
developed, and finely divided sediment entered. Some of the shells were 
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completely filled with this sediment, whereas others were left only partly 
filled. The introduced material later shrank as it dried out and hardened, 
and a cavity was left in the upper part of the shell, even in those shells 
which had been completely filled. In the final stage, calcium bicarbonate 
was brought into the cavity and, from the solution, calcite crystallized, 
so that in the lithified deposit the concentrically laminated spheroids and 


Face (Upper surface) 
of bed' 


Horizontal 
■plane 



Initial dip 


Stratification plane 
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Fio. 286.—Incomplete fillings as indexes of initial and true dip. A. Incompletely filled brachiopod shell 
in a bed with about O’* of initial dip. The horizontal plane coincides with the plane of composition of 
the incomplete filling but makes a slight angle with the bedding. B. Bed similar to A that has been 
tilted into a strongly inclined position. The plane of composition of the incomplete filling can be used 
to determine both initial dip and angle of rotation. C. Incompletely filled brachiopod shell in a gently 
inclined bed that bad an initial dip of about 0^ and has been further steepened by compaction. D. 
Incompletely filled brachiopod shell in a fairly steeply inclined bed. The angle between the horizontal 
plane and the plane of compoeition of the incomplete filling is the true dip since bedding and plane of 
oomposition are coincident. (Arts. 180, 182.) 

ellipsoids now have a bipartite, or composite, filling. This filling consists 
of a lower, stratified hemispheroid or hemiellipsoid of fine calcareous mud 
and an upper part of clear calcite. The plane of separation marks hori- 
zontality at the time when the lower part of the filling was made (Figs 
242, 287). 

There are many of these composite fillings in fresh-water algal lime¬ 
stones of the Eocene Wasatch formation of Utah (Fig. 287), and almost 
exactly similar ones have been collected from one of the thin algal lime¬ 
stone beds of the Mississippian Windsor formation of Cape Breton Island, 
Nova Scotia. 

182. Incomplete and Composite Internal Molds .—Burial of hollow 
shells and other external organic structures (such as the calices of blastoids 
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and crinoids, the bivalve shells of brachiopods and pelecypods, and the 
straight or coiled shells of gastropods and cephalopods) results in com¬ 
plete filling of some* with sediment, whereas others are only partly filled 
and many are so tightly sealed as to remain empty. Only the incom¬ 
pletely filled shells are of interest here, for they are the only ones of use 
for top and bottom determination. 

If an incompletely filled shell is sectioned transversely to the bedding, 
the original internal cavity is seen to consist of two parts. The lower 
part of the cavity is occupied by a filling composed of sediment similar to 



Fio. 287.—Cavities in spheroids made by the fresh-water alga Chorellopais coloniata Reis. A. Polished 
surface of a piece of the fresh-water Eocene Wasatch algal limestone showing two hollow, concentrically 
laminated algal spheroids with composite fillings. In each the gray lower half of the filling is succeeded 
by a thin milky-white layer, the latter representing the last suspended sediment to be deposited. The 
upper half of the cavity was later filled with clear calcite, which appears dark in the photograph. The 
bedding in the rock is indicated by the flat upper surface of the milky-white layer, and the arrows indi¬ 
cate the top of the rock. Compare with Fig. 243. B. Diagram of a block of the limestone containing 
several composite fillings of algal spheroids, illustrating how the fillings can be used to determine the 
bedding plane and the top of the bed. The algal spheroids average about 10 mm. in diameter. (Arts. 
158. 181.) 

that in which the fossil is entombed. Cullison (1938; 982-983) proposes 
to call such a filling an incomplete internal mould, and its flat upper surface 
the plane of composition. This plane surface forms the floor of the upper 
portion of the original cavity. If this remaining cavity is then filled with 

* Inasmuch as shells are sometimes buried in muds made unusually soft by high 
water content, it follows that the fluid sediment can enter the shell through the 
smallest openings. As a consequence, many of the shells are likely to be filled com¬ 
pletely. It also follows, however, that the original mud filling will also decrease in 
volume as it dries out and hardens, just as the surrounding sediment is compacted: 
hence the internal cavity of the shell though filled completely soon after burial will 
have only a partial filling after the introduced mud has lithified. Later, mineral 
substances may be brought into the small cavity above the shrunken filling and there 
precipitated to form calcite, quartz, etc. The final result, therefore, may be a com¬ 
posite filling, the plane of composition separating the older mudstone filling from the 
younger one of mineral. 
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calcium carbonate, silica, or some other similar substance brought in by 
ground water, the original internal cavity of the shell has a bipartite 
filling—a primary lower part and a secondary upper part, the two sepa¬ 
rated by the plane of composition. Cullison (1938: 983) proposes that 
such a duplex filling be called a composite internal mould. From the above 
description, it is obvious that incomplete fillings are excellent top and 
bottom features, for the plane of composition and the underlying incom¬ 
plete filling are made at the time when the shell is buried; hence they 
clearly indicate both horizontality and verticality at the time of forma¬ 
tion (Figs. 284 to 286). 

Partly filled shells are not uncommon in stratified sedimentary rocks, 
though Cullison (1938) seems to have been the only investigator who has 
published anything in North America on the subject.* However, in 
1926, while a student at Indiana University, the author was shown 
and had explained to him several partly filled silicified spiriferoids from 
the Devonian of southern Indiana, and doubtless other students have 
studied similar specimens. It seems likely, therefore, that the phenom¬ 
enon has been known for a long time, but this in no way detracts from the 
observations of Cullison (1938). 

Incomplete and composite fillings have been observed in Platystrophia 
and Rhynchotrema from the Cincinnati Ordovician; in spiriferoids from 
the Silurian Racine of eastern Wisconsin; in completely silicified spirifer¬ 
oids from the Devonian of southern Indiana; in brachiopod shells in the 
Mississippian Windsor formation of Nova Scotia; in silicified brachiopods, 
camerate crinoids, and blastoids from Mississippian boulders of Missouri 
[Cullison (1938, Plate 1)]; and in gastropod shells from the Maryland 
Cretaceous [Cullison (1938, Plate 1)] and from the Eocene Wasatch algal 
limestone of Utah. It is probable, therefore, that the phenomenon is 
much more common and widespread than has generally been supposed. 

Brachiopod shells may be buried so rapidly or by material of such 
nature that none of the sediment enters the shell. At a much later date, 
circulating ground waters may seep into the shell or into the cavity left by 
the shell, if it has been dissolved meanwhile, and there deposit soluble 
substances that ultimately crystallize into small crystals covering the 
bottom of the cavity. Such partly geodized brachiopod shells {e.g., 
Platystrophia and Rhynchotrema) are present in the upper Ordovician 
argillaceous limestones and shales of the Cincinnati region and occasion¬ 
ally in Devonian rocks of similar lithology at Milwaukee (Fig. 288). 

183. Cavities under Convex Plates. —Ordinarily valves of bivalve shells 
come to rest convex upward on bottoms swept by currents. Upon burial 
they sink or are pressed into the soft bottom until the undersurface 

' See Hadding (1029: 63-64). 
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touches the sediment at every point. If the valve later disappears 
through solution, its position is marked by a curved cavity bounded by a 
lower moundlike surface and an upper dome (Fig. 283 and Art. 178). 
Lnder some conditions, however, as in the case of rather firm sandy or 
muddy bottoms, the curved valve may enter the substratum only part 
way, so that a lenticular cavity remains directly under the highest part 
of the convex fragment. If, then, after burial, the valve is later removed 
by solution, its position is marked by a semilenticular cavity, bounded by 
the bedding surface on the bottom and by a dome on top. If the bed 
splits through the cavity, as it is likely to do, a truncated mound marks 



Fro. 288.—Brachiopod shells buried in mud and later geodized by the introduction of mineral matter. 
The crystals, usually calcjte. grew upward from the floors of the hollow shells. Some of the shells are 
^mpletely filled. Examples of this phenomenon have been seen in the Ordovician shales of the 
Cincinnati region and the Devonian shales at Milwaukee (Art. 182.) 

the site of the burial, the flat surface being on the upper side* (Fig- 283). 
If the valve persists, the cavity under it may be filled with calcite (Fig- 
279) and the filling usually contrasts strikingly ^\^th the surrounding rock. 
In burials where curved valves are dominantly convex in one direction 
(f.e., upward), such cavities are not needed to determine the top of the 
fossiliferous layer. In deposits showing curved valves with every 
orientation, however, they are present only under those valves which lie 
convex upward (Fig. 279), as pointed out in Art. 176. 

^ Truncated mounds of this sort are present in certain Devonian sandstones of 
New York and in the Mississippian W indsor formation of Nova Scotia. Cullison 

(1938, Plate 1) illustrates what may be a similar record from Mississippian bouldeis 
of the Ozark region. 
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FEATURES OF IGNEOUS ROCKS 

184. Introduction.—The top and bottom features of igneous rocks 
will be considered with reference to the kind of body in which they occur. 
The features and structures in layered and tabular bodies such as pyro¬ 
clastic deposits, lava flows, sills, and dikes can be used directly to deter¬ 
mine the top or bottom of the mass. Those in plutons and also certain 
features in sills and dikes, however, indicate only the direction of gravity 
at the time when they were formed. The top of the body may be 
inferred from this information in some cases; in others, no inference can be 
drawn. 

The top or bottom of a body of igneous rock or an accumulation of 
volcanic ejectamenta can be determined, in many cases, from features 
and structures preserved within the mass and from relations present 
along the surface of contact with contiguous rocks. Most of the useful 
features and structures were formed during the movement, solidification, 
fragmentation, and crystallization of molten rock materials. A few, 
however, were produced some time after solidification by hydrothermal 
alteration or by the processes and agencies of weathering and erosion. 

Tabular bodies, formed in horizontal or nearly horizontal position, 
commonly exhibit certain top and bottom features at different levels in 
the layer and also on both upper- and undersurfaces. Nontabular 
bodies usually show marginal features that indicate whether the relations 
with contiguous rock are intrusive or unconformable. They may also 
contain a few internal features that indicate the direction of gravity at 
the time when the magma solidified. 

For convenience of discussion and presentation of data, igneous rocks 
are here divided into the following categories: 

1. Accumulations of volcanic ejectamenta (pyroclastic deposits) 

2. Lava flows 

3. Plutons 

4. Sills and sheets 

5. Dikes 

Detailed descriptions of these categories and of the criteria by which 
they may be identified are available in many published works. * 

^ See “Petrography and Petrology,” by Grout (1932: 32), “Igneous Rocks and the 
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The most common and reliable top and bottom features of igneous 
rocks are the following: 

1. Textural variation in ash and tuff beds ranges from coarsest 
particles at the base to finest material at the top (Art. 186.) 

2. Zones of mud balls are present in the upper part of some recently 
formed ash deposits, and piled-up mud pellets themselves may be signifi¬ 
cant (Art. 187.) 

3. Bombs and large blocks, falling on ash, deform the laminae under 
and around themselves in a characteristic manner and are in turn buried 
by more ash of which the earlier laminae terminate at the object, whereas 
the later arch over it (Art. 188.) 

4. Bombs and large blocks, falling on plastic lava, may become rafts 
on the lava or may be fused to it so as to form a rough protuberance. In 
either case the relations of the object to the lava are usually clear enough 
to indicate that the object fell onto the lava (Art. 188.) 

5. Objects coming to rest on the surface of an ash deposit or a hard¬ 
ened lava, without deforming the substratum as described in items 3 and 
4, are buried with relations to surrounding and surmounting laminae 
similar to those described in item 3. Relations to the underlying mate¬ 
rial, however, suffice to show that the object did not/a// into or onto the 
substratal material (Art. 189.) 

6. Pyroclastic deposits nearly always rest unconformably on under¬ 
lying materials (Art. 190.) 

7. A thin zone of stratified ash and tuff commonly marks the very 
top of a flow. Such material is not likely to be present in the base of a 
flow (Art. 191.) 

8. The upper surface of a flow has a ropy or rough nature entirely 
different from that of the undersurface. The difference in the two sur¬ 
faces is due to the fact that the molten lava is anchored against the 
substratum, whereas it can move more freely when in contact with air 
only (Arts. 194, 195.) 

9. The chilled margin of a lava flow is thicker on top than at the bot¬ 
tom, typically with a ratio of 10 or 20 to 1 (Art. 196.) 

10. The zone of vesicles and amygdules at the top of a flow is typically 
thicker than a similar zone at the base, and the vesicles themselves are 
larger. Tubular vesicles, which may lie near either the top or bottom of 
a flow, usually fork downward (Arts. 197 to 200.) 

11. Three types of amygdules are recognized— complete, incomplete, 
and composite (Fig. 309). Compl ete amygdules fill the entire cavity and 

Depths of the Earth," by Daly (1933), “Structural and Field Geology,"by Geikie 
(1940:213-216) and “Structural Geology," by BUlings (1942:315-316). These 
works also contain references to the more important publications on igneous rocks. 
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are without top and bottom significance. Incomplete amygdules have a 
hemispheroidal shape, and the flat part marks the upper surface (Art. 
219). Composite amygdules consist of a bipartite spheroid or ellipsoid, 
with a separating plane of composition. This plane, marking horizontal- 
ity at the time when the lower part of the filling was made, also marks 
the upper surface of the earlier incomplete filling. The upper part of the 
composite amygdule is rarely stratified and usually differs in composition 
from the earlier lower part (Arts. 198 to 200, 219.) 

12. The upper surface of a lava flow, viewed on a regional scale, is 
likely to be fairly flat, whereas the undersurface is commonly quite 
uneven because it conforms to the relief of the surface that the lava over¬ 
whelmed (Art. 202.) 

13. Pillows, squeeze-ups, spatter cones, pressure ridges, and certain 
other convex surface features are commonly reliable for determining the 
top of a flow. In general, the flat or slightly concave side of the bulbous 
mass is the underside; the strongly curved convex part, the upper (Arts. 
203 to 212.) 

14. Tonguelike marginal extensions of a flow, called “flow units,” 
have certain of the usual top and bottom features of flows and in addition 
have a characteristic marginal profile that is planocurvilinear (Art. 209.) 

15. Surficial cracks and their fillings generally extend downward into 
a flow (Arts. 213 to 216.) 

16. Bubbles trapped in the upper part of inclusions in phenocrysts of 
rhyolite porphyries indicate the direction of gravity at the time when 
they were formed (Art. 218.) 

17. Incomplete and composite amygdules, primaiy cavities and their 
fillings in pillows and squeeze-ups, and the cavities produced in lava flows 
by outward drainage of molten lava and subsequent collapse of the roof 
all have one significant feature in common: a plane marking hoiizontality 
at the time when the structure was formed. The relation of cavities and 
fillings to this plane provides a means of orienting the features in the rock 

(Arts. 219 to 221.) 

18. The weathered upper surface of a lava flow is indicated by lithified 
weathering profiles (Art. 223), decreased specific gravity (Art. 224), and 

interflow soil and forest beds (Art. 225). 

19. Erosional features cut into the top surface of a flow show by their 
relation to the eroded rock and the material filling them that they mark 

the upper part of the flow (Art. 227.) 

20. The base of a lava flow is characterized by inclusftfis of the sub¬ 
stratum (Arts. 229, 236), spiracles and bubble aggregations (Art. 232), 
and enveloped trees (Art. 234). The substratum beneath a flow is com¬ 
monly deformed, with masses incorporated in the flow itself, and may be 
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baked and jointed as a result of being heated by the lava (Arts. 230, 236. 
237). 

21. Crystallization differentiation, crystal settling, and volatile 
transfer of gases result in concentration of glass and ferric oxide (hence 
red tops) at the top of flows (Arts. 239, 240) and sills (Art. 251); concen¬ 
tration of the heavier mafic minerals below the median plane and of the 
lighter feldspathic ones above that plane in flows (Art. 241) and sills (Art. 
251); and a specific gravity profile that shows the upper half of a flow 
or sill to be lighter than the lower (Arts. 242, 254). The textural profile 
of differentiated flows and sills shows an upper and lower chilled margin, 
the former much thicker than the latter in flows, and a gradual coarsening 
of grain downward from the upper chilled zone to a line somewhat below 
the median plane, thence rapid decrease in grain size to the basal chilled 
zone (Arts. 243, 255). 

22. Some flows and sills display a characteristic bipartite or tripartite 
jointing that is constant in the order of succession of the different types of 
joints (Art. 244.) 

23. Intrusive and unconformable relations between plutonic masses 
and juxtaposed rocks are useful in determining order of geologic events 
and may also indicate top and bottom in certain associated sedimentary 
and metamorphic rocks (Arts. 246 to 249.) 

24. Gravity-stratified sheets are characterized by compositional 
layering, which provides a means of determining the top or bottom of such 
an intrusion (Arts. 253, 254.) 

25. Thick differentiated dikes may have the heavier minerals con¬ 
centrated in the foot wall part and the coarser texture in the hanging wall 
part (Art. 257.) 

Certain other features and structures of limited and uncertain value 
or of restricted occurrence are not listed above but are discussed briefly 
in the following sections. 

186. Accumulations of Pyroclastic Materials.—Solid and fluid mate¬ 
rials ejected during a volcanic eruption settle back to earth sooner or 
later, forming some sort of deposit on the land or on the bottoms of water 
bodies. Commonly preserved in these accumulations are certain features 
and structures furnishing, if properly interpreted, a clue to which part of 
the deposit is the older or younger. 

186. Textural Variation in Tuff and Ash Deposits.—F ragmental 
material ejected from a volcano is sorted as it falls back to earth so that 
the resulting deposit, whether on land or under water, is likely to show 
fairly good stratification and textural gradation within each distinct falh^ 

* In a visit to the active volcano El Parfcutin, in southwestern Mexico, in the 
summer of 1944, the author saw along the road from Uruapan to the volcano several 
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The coarser and heavier fragments fall most rapidly, hence make the 
basal part of the deposit. They are likely to be rather crudely stratified 
and usually do not show the same degree of sorting as the overlying mate¬ 
rial. The finer and lighter particles come last to rest and form a lami¬ 
nated, well-sorted upper part that grades downward into the coarser basal 
layer (Fig. 289). As pointed out in Art. 51, wind-laid ash and tuff are 
more crudely classified than water-laid deposits of the same material 
because of the additional sorting action of the water before the particles 
finally come to rest. Graded bedding thus produced by wind and water 
has been proved useful in the field for determining order of succession in 
ancient ash and tuff deposits 
(Arts. 50, 51). 

187. Mud Balls in Pyro¬ 
clastic Deposits. —Concen¬ 
trically laminated spheroidal 
and ellipsoidal mud pellets a 
centimeter or so in diameter 
have been observed to fall 
during several volcanic erup¬ 
tions [Nichols (1944:342- 
343)]. They have been called 
“mud pellets,” “mud balls,” 

“tuff balls,” “mud rain¬ 
drops,” “fossil raindrops,” 

“volcanic pisolites,” “vol¬ 
canic hailstones,” “chalazoi- 
dites” (stone resembling hail), 
and “accretionary lapilli.” 

They have been found in recent ash deposits around Kilauea, Mt. 
Pel6, Taal, and Vesuvius [Perrett (1924:48)], all active volcanoes,^ 
and they were formed in the eruption that overwhelmed Pompeii 
in A.D. 79. They have also been recorded from Triassic tuffs in 

exposures of recently fallen ash showing good graded bedding. The individual layers, 
presumably representing successive ash falls, averaged 1 to 5 cm. thick and consisted 
of a black lower part and a lighter colored upper part. The black part, usually making 
up more than half the thickness of the layer, was much coarser in texture than the 
lighter colored upper part into which it graded. 

‘ In a discussion {Bull. Qeol. Soc. Am., 32; 27, 1921), it is reported that “Dr. H. S. 
Washington remarked on the globules of volcanic dust produced by rain descending 
through the eruption cloud of the 1790 explosive outbreak, of Kilauea, Hawaii, and 
preserved in the ash,” and “Dr. E. O. Hovey cited the similar abundant globules 
formed during the explosive eruption of Mount Pcl6, Martinique, in 1902.” Addi¬ 
tional references are cited in a recent article by Nichols (1944: 342-343). 



Fio. 289.—Diagram showinj; texture gradation from 
coarse tuffaccous material in the basal part to fine asli in 
the upper in three ash falls of di0t*rent thickneaa. It is 
to be noted that the courier material lacka well-defined 
stratification, whereas the finer ash usually has clearly 
defined bedding. Layers of graded ash may range in 
thickness from a few millimeters to more than half a 
meter. (Art. 180.) (Skeieh based on recent a$h deposits 
in the vicinitp of El Parieulin, Mexico.) 
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New Zealand [Richards and Bryan (1927: 54-60)], from Miocene rocks in 
the Philippines [Pratt (1911, 1916)], and from ancient strata in Germany^ 
[Nichols (1944:342)]. 

The mode of formation of these unusual pellets has been a matter of 
some debate. Finch (1926: 1) suggests that they are formed by rain¬ 
drops falling through dust-laden atmosphere above and around erupting 
volcanoes; Wentworth and Williams (1932: 35, 37) ascribe their formation 
to condensation of steam around dust particles; and Nichols (1944: 343) 
concludes that both mechanisms just described are probably effective. 
It is likely that they form in most great volcanic eruptions where large 
quantities of steam and dust are erupted; hence there is every reason to 
believe that they may be more common in ancient pyroclastic deposits 
than has so far been reported. 

Two aspects of the pellets merit consideration because of their pos¬ 
sible use in top and bottom determination. First is the possibility that 
plastic pellets may pile up in such a way as to show which is the older or 
oldest and which the younger. A single pellet possessing just the right 
plasticity would flatten out to some extent upon striking a surface and 
would assume a planoconvex form, the flat side being the bottom (Fig. 
290R). If such a pellet happened to fall onto an earlier one, it would tend 
to fit down over the later, with the relationship sho^vn in Fig. 2905. 
Some pellets would be too dry and nonplastic to change form appreciably 
upon striking a surface. These would not in themselves have top and 
bottom significance, but they might well be the cause of a softer pellet 
taking on a significant shape, as indicated in Fig. 2905. To the extent 
that pellets flatten upon impact or shortly thereafter as a result of the 
weight of superincumbent ash, they indicate the general plane of bedding 
by having their longer axes roughly parallel to that plane (Art. 9). 

Second is the possibility that the pellets form during the waning stage 
of an ash eruption, clearing the air, so to speak, as they gather together 
the particles in the ash-laden atmosphere as they fall. If this happens, 


* Foye {1924:335-336) describes and illustrates a “pisolitic” sandy shale that 
consists of thin (5- to 25-cm.) layers alternating with six or seven agglomerate beds 
15 to 60 cm.( 6 to 24 in.) thick. He considers and then rejects the possibility that the 
pellets are mud balls rained down during an eruption, for they are composed of f*"®^ 
ments of “ . . . quartz, feldspar, and mica, with some basaltic fragments, surrounds 
by a film of clay or limonite containing bits of mica” and concludes: “The material 
forming the pellets is, therefore, largely derived from the sandstones. ...” 
points out that since the material is fine and angular it is of wind-blown origin, tran^ 
ported by winds produced as a result of the updraft of hot air over a volcano, an 
concludes that “ . . . the pellets were formed by raindrops which fell into fine, 1®^ 
dust.” This occurrence merits further study to determine whether or not some of t e 
pellets could have been formed as mud balls [see Hodges (1928)]. 
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the pellets should lie at or near the top of a recognizable ash fall. Hovey 
(1902:343) and Pratt (1911:63-80; 1916:450^55) describe a case in 
point in a recent pyroclastic deposit having a zone of mud balls in the 
fine ash near the top (Fig. 291). These bodies, called “volcanic hail¬ 
stones” by Pratt (1916:452), range in size from tiny drops to large 



Fio. 200«**^Mu<l balls in asb deposits. ^4. Diaj^ranmtatic sketch (not to scale) showing how mud balls, 
formed by the aggregation of falling particles of wet ash, may bo incorporated in tho surficial part of an 
aab deposit. Under favorable conditions mud pellets might also fall into water and be buried in the 
bottom sediments before disintegrating. B. Diagram showdng different shapes and relations of mud 
balls in an ash deposit. Some bolls arc plastic enough to flatten out as they strike the ground, whereas 
others maintain their spheroidal shape. In some instances plastic balls mold themselves over other 
pellets on tho surface, thus producing a relationship that boa top and bottom signiflcance (sec Fig. 388/1 
for mud pellets of another origin in tuffaceous rock). An ash deposit containing many mud pellets is 
likely to have some spheroidal ones, some of hemisphcroidal shape with bottom being the flat side, and 
some showing molding over underlying pellets. It is probable that the weight of superincumbent 
materials plays a part in flattening many of the pellets. (Art. 187.) [A battd on description 6y Pratt 
(1911: 79-72). B based on snifoestions bp R. L. Nichols.] 


pellets as much as 15 cm. (6 in.) in diameter and commonly possess con¬ 
centric structure. 

The two investigators just cited conclude that the balls formed ini¬ 
tially within the eruption cloud from some of the ash which had been made 
muddy by condensation of surrounding moisture (Fig. 290^1). Mud and 
balls then fell to earth, the latter growing by concentric increments from 
the former. Many of the balls retained their shape and internal structure 
upon dropping into soft unconsolidated ash, and some even settled 
through water, to be incorporated finally in a subaqueous deposit. If 
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the balls are always confined to the uppermost part of a single ash fall, 
they can serve as a means of determining top and bottom in the deposit. 

188. Boaibs and Large Fragments Fallen into Ash Deposits and 
ONTO Lava Flows. —Bombs and large rock fragments falling into soft 
unconsolidated ash are embedded with characteristic structural relations 
to the surrounding materials, as illustrated in Fig. 292. The object, as 



Fio. 291.—Section of ash that fell on the slope of Taal volcano (the Philippines) in January. 1911 . show¬ 
ing balls of dried mud near the top of the deposit. Coarse fragments were first eiected, and these were 
followed by coarse ash. In the later pbasca of the eruption finer and finer ash settled out of the arr. 
The mud balls are supposed to have been formed near the end of the eruption during a rain when the wet 
particles grew in size as they fell to earth. See Fig. 290^4 for a diagrammatic sketch illustrating bow the 
balls formed. (Art. 187.) (Modified after Prait^ lOll, PhUipjnne Jour^ Sci^t i:70-72f tezt Pig* 3. 
See also ProUt 191fi« Jour. Geology, 24 : 451» Fig. 1.) 


it sinks into the yielding ash, transects the uppermost laminae and bends 

downward those upon which it finally comes to rest. The next ash to 

fall buries the object completely, and the laminae commonly sag down 

around it at first before arching over it. Wentworth and Williams 

(1932:34, Fig. 3) describe and illustrate an embedded bomb similar to 

that shown in Fig. 292 (both examples are from Hawaii). Several 

years ago the author saw similar embedded bombs and blocks of lava in 

• 

the quaquaversal peripheral pyroclastic beds of a volcanic crater m 
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Lago San Jos6, about 70 km. northeast of Puebla, Mexico, and it is 
probable that similar occmrences have been observed by many geologists. 

Not only do embedded bombs and rock fragments commonly indicate 
the top of the deposit in which they lie; they also show that there was once 
a volcano near by. 

If an active volcano sends out tongues of lava, it is possible that bombs 
and large rock fragments might fall on such a flow and sink some distance 
into its soft, ropy crust without being melted later. Such objects would 
not adhere to the flow rock; hence they could be distinguished from 



Courtesy of //. irtncAfW 

Fio. 2d2.~Bomb sag in Koko tuff, south shore of llanauina Bay, Oahu, T. H. The bomb, which is 
about 20 cm. (8 in.) in diameter, fell into unconsolidated tuff, depressing the laminae below and leaving 
a small circumferential moat. The material from a later ash fall Gllcd the depression around and above 
the bomb. The Grst ash laminae show no arching. (Arts. 99, 101, 188, 180.) (See Horace Winchell^ 
1941, ** The Honolulu StritSf Oahu, T.//.," p. 113 and Fiy. 49, unpublished Ph, D, thesis, Harvard Uni^ 
versUy, Illustration also pui^IisAed in Winehtll, 1947, Bull. OeoL Soc. Am., 68, Plate 2, Fig. 1.) 


similar blocks incorporated in the base of a flow, since the latter almost 
certainly would be frozen in and altered. 

Nichols and Stearns (1939; 433; 1940: 22-31) mention certain surface 
featmes (grooving, pockmarking, etc.) of Idaho flows that “ . . . resulted 
from the falling of blocks, bombs, and lapilli onto the surfaces of still 
molten flows.” Features of this sort may not be uncommon in ancient 
volcanics and should be expected. 

189. Objects Buried by Pyroclastic Materials. —Plants and 
animals buried alive or in living position by a fall of ash or coarser pyro¬ 
clastic material or by a lava flow show by their position in the rock which 
is top and which the surface on which they stood when overwhelmed 
(Art. 101). Molds remaining after decomposition of the organic matter 
show the same thing. The relationship of object (or mold) to surround¬ 
ing material is essentially the same as that discussed in Arts. 99 and 107 
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Fio. 293.—Section in the north face of Amethyst Mountain, YeUo^*stone National Park, showing 1 
successive forests overwhelmed by lavas. Some of the stumpe, buried in position of growth, still remain 
rooted in the soil that nourished them, (Arts. 162, 189, 225, 233 to 235.) lA/ter Holmes, 1879, Bull> 
U.S. OeoL Oeog. Survey Terr. (Hayden), 6: 127, Fig. 1.) 
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except that in the present case the covering material is ash, tuff, or lava 
rather than mud or sand. 

During the Tertiary there was great volcanic activity in many parts 
of the world, and in certain areas of the western United States successive 
forests were killed and overwhelmed by ash and tuff. The well-known 
Amethyst Mountain section, long ago described by Holmes (1880:125- 
132), whose sketch of it is here reproduced as Fig. 293, has 17 successive 
forest beds. This same relationship of trees and pyi'oclastic material 
has been reported from many parts of the world and is to be expected in 
rocks of late Paleozoic to Recent age (Fig. 294). 



Fia. 294.—Trooe buried in »Uu by lava and ash. The first soil layer develoj>cd on the rock of the siib- 
•tratum and supported a forest that was finally overwhelmed by a lava flow. Stumps were buried and 
consumed by fire to become tree molds; prostrate loss were rafted alonw in the lava to become susrKjnded 
tree molds when the lava solidified. A second soil layer dovelo|)cd on the flow rock, aixl a second forest 
came into existence. The trees of this forest were overwhelmed by a heavy ash fall. Some of the 
shattorod stumpe, stripped largely of their limbs, were buried in sifu. Some trunks were broken ofi to be 
prostrate on the ground, whereas others remained attached to the stump. Compare this diagram with 

293. (Arts. 162, 189. 226.) 

Boulders, blocks of rock, and prominences of a land surface, if buried 
beneath an ash or tuff deposit, commonly are surrounded and surmounted 
by quaquaversally dipping stratification that may be accentuated con¬ 
siderably by later differential compaction. The first materials to fall 
develop stratification that ends abruptly against the steep margin of a 
boulder or block (in this relation differing from the peripheral, down¬ 
wardly bent transected laminae surrounding an embedded object as 
described in Art. 188); later laminae rise somewhat on approaching the 
object; and the materials finally covering it arch over in gently domed 
strata (Fig. 295; c/. Art. 188 and Fig. 292). 

In dealing with buried boulders, blocks, and bombs, care always must 
be taken to differentiate those which lay on a firm surface when sur¬ 
rounded and covered by pyroclastic material (Fig. 295) from those which 
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fell into soft unconsolidated materials (Fig. 292). It seems likely that 
ancient volcanic formations, particularly those of Pre-Cambrian age, 
may contain examples of both kinds of burial. Where the rocks are not 
too much deformed and altered, boulders and included blocks should 
yield significant information regarding the mode of burial. 

190. Basal Relations of Ash-Tuff Deposits. —Structures and 
features in the basal part of an ash-tuff deposit commonly exhibit rela¬ 
tions with the irregularities of the buried surface that at once suffice to 



Fia. 295.—Diagram showing bombs and lava blocks lying on a rock surface where they came to rest 
and later were covered by ash. The 6rst ash laminae arc horizontal, or parallel to surface irregu- 
larities, and end abruptly against the bombs and blocks. Later laminae rise gently toward the objects 
and pass over them in a flat arch. Had the bombs and blocks fallen into the ash, the laminae alongside 
and under them would be considerably deformed (c/, with Fig. 292.) (Art. 189.) 

demonstrate the superincumbent position of the pyroclastic material 
(Figs. 295 to 297). Wind is of special importance in producing some of 
the relations exhibited by ash deposits [Shrock (1940)]. 

The surface upon which volcanically ejected materials fall commonly 
has considerable relief. It is likely, therefore, that the undersurface of 
an ash or tuff deposit will be somewhat more uneven than the top, for 
irregularities tend to be smoothed out by continued deposition and simul¬ 
taneous redistribution by the wind (Figs. 296, 297). Sagging or trunca- 
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Fia. 296.—Diagram showing how an irregular surface may be smoothed out by erosion and redistribu* 
tion of an ash mantle. The original ash is eroded from the prominences and deposited in the lower 
areas. (Art. 190.) 


tion of bedding and textural gradation may be used to corroborate 
interpretations based on assumed unconformable relations (Fig. 297). 

Inasmuch as heavy rainfall commonly accompanies and immediately 
follows volcanic eruptions, freshly fallen ash is likely to be eroded, espe¬ 
cially if the surface of the deposit is somewhat undulatory. The finer 
materials, at least, will be washed or blown off the higher places and 
deposited in the lower, as shown in Fig. 296. Bodies of ash may slide to 
lower positions, where they come to rest as internally deformed masses 
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(Fig. 298). The structural features thus formed by penecontemporane- 
ous deformation should not differ greatly from those described in Art. 153. 



tourtfsy of II . M ituhtU 

Fiq. 297.-t;tironformit>' in tli« Koko tuff, .noiith shorn of lUiiautua Buy. Oahu T H 
showint? how thn first la.muac of ui, ash-fuff fall sqk into the .lei)ressions on an irr. Kular erosion surfa.e 
whereas la ,-r laimnHe soon Ram essential horizonfality. The irreKular contaet Ls about .S in. (15 ft.) 

i Serirs, Oahu, T.ll.r, p. \ 10 a„d Fio. 47 

unpuhltshed I h.D. thrill, /lartard UmceriUy. Jlluitralion also publiikrd in Winchell. 1947 Bull Geol 
6oc. Am,I OOf ylate 2, tig, 2.) 


I>oca! unconformities (Figs. 297, 299, 300) and evidence of subaerial 
as well a.s sul)a(iueous sliding of freshly fallen ash and tuff are to be 



^I 0 . 298. piuKram showing iH-necontcmporaneous eroeion. deformation, etc. First the Bubstratuin 

oward the .lepression from one sole, and the slumrxd inatcriul was then covered hy ash washed from 
tno op|> 08 ifo hank. Finally tlie terranc wa.s buried beneath a second a-sh fall. (.\rt. 190.) 

expected in ancient volcanic shales and tuffstones, since both phenomena 
occur commonly in recent deposits of volcanic materials.* 

‘ Kent (I1M5: 130-13.5) recently described a case in point in lacu.strino ash denosits 
in Kenya, Africa. 
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191. Ash Deposits at Top of Flows. —A thin layer of finely strati¬ 
fied ash is commonly present at the very top of a flow or tuff deposit, 
indicating a brief eruption at the close of a period of more intense volcanic 
activity (see Art. 201 for a detailed discussion of this feature; Figs. 300, 
315). 

192. Summary of Features in Pyroclastic Materials. —There 
are many fine-grained, fragmental sedimentary rocks in the geologic 
column, particularly of Pre-Cambrian and early Paleozoic age, that may 
be ancient volcanic deposits made in either subaerial or subaqueous 
environments. If in the field there is any reason to believe that a certain 



.......a. • • «••• >A sa « .aas... 
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a. aai •••*••• ♦ ♦ ... 

Vn'i::-. FirsI ash fall i/.-::’ ;*//; 






Fio. 299. 



FiOa 300. 


FiOa 299a —Basal relations of ash-tuff deposits. Diagram showing two ash-tuff depoeits separated by 
an orosional unconformity. Both show gradation in texture from coarse tuff in the basal part to 6n6 
ash at the topa Much of the 6nor ash of the lower fall w*as eroded away before the second fall of 
pyroclastic material. Unconformable relations of this sort are common in ancient as well as in recent 
pyroclastic sequences (sec Fig. 297), (Arts. 186* 190a) 

Fio. 300. —Basal relations of ash-tufT deposits. Diagram showing an ash-tuff deposit resting with 
erosional unconformity on a flow that once had a layer of fine stratified ash overlying it. Erosion bad 
removed much of this earlier ash deposit before the coarser tuff of the suceeding fall was deposited. 
Compare the unconformable relationship with that shown in Fig. 299. (Art, 190.) 


formation or succession of formations had such origin, the beds should 
be scrutinized for features and relations like those just described. 

193. Lava Flows.—Since lava flows vary in thickness, viscosity, and 
composition, the features and structures formed in them during crystalli¬ 
zation, solidification, and contemporary deformation e.xhibit considerable 
variety. A few of these primary features may be modified or may acquire 
certain additional characteristics (e.g., leached upper zones and filled or 
partly filled vesicles, or amygdules) through localized alteration by weather¬ 
ing or by circulating hot and cold waters [see Sandberg (1938: 809)]. 

The features, structures, and relationships sho^vn by lava flows are 
often useful in determining the top or bottom of a flow, but one has 
always to be certain that he is dealing with a single flow or a succession 
of distinctly separated sheets or flow units. ^ Furthermore, it is of prime 

^ The field geologist who has to determine the upper and lower boundaries of a lava 
flow is often faced with a difficult task, for it is not always possible to determine them 
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importance to recognize the limitations of the particular features being 
used. In this connection, a warning well worth heeding has been sounded 
by Cooke, James, and Mawdsley (1931; 50-51), Avho write: 

Although the methods of determining attitudes of lavas are apparently 
simple, the application of them in the field is a most difficult operation, and must 
be done with the greatest care and skill if correct results are to be obtained. 
It is evident that once the strike of the flows is known—and this is usually rather 
easy to obtain—a determination of attitude must show the top of the flow facing 
either to the one side or to the other. One of these directions is the correct 
attitude, the other wrong. There can thus be no compromise or half-way correct¬ 
ness about these determinations; in the nature of things they must be either 
entirely right or absolutely wrong. . . . 

. . . several conditions must be fulfilled if satisfactory structure determinations 

are to be made. (1) The lavas must be of suitable composition—rhyolites can 
rarely be employed; (2) the flows must be neither too thin nor too thick; (3) the 
flows must not be pillowed from top to bottom—determination is possible when 
they are massive from top to bottom, but is easiest when they are partly pillowed 
and partly massive; (4) the outcrops must be very dean, so that the observer can 
view the rock across every inch of the width, and thus make absolutely certain 
that no line of contact has been overlooked; (5) the outcrops must be very wide, 
since not only the full width of the flow, in many cases 200 to 300 feet, must be 
exposed, but aUo a sufficient width of the rock with which it is in contact must be 
exposed to prove that it is likewise a flow and not a dyke or sill. It is because all 

definitely and certainly. Cooke, James, and Mawdsloy (1931. 50-51), in discussing 
the difficulties commonly encountered, state: 

... In the best of circumstances, the contacts of flows of similar composition are lines 
that are difficult to detect, as there is no great difference in composition, grain, or weather¬ 
ing on the two sides. Again, contacts, being lines of weakness, are in many places some¬ 
what sheared, or else rotted by circulation of water so as to be concealed by weathered 
materials. Again, as photographs of present-day lavas show, lava surfaces are commonly 
not planes, but rough, irregular, and covered with debris. If another lava were to flow out 
upon such a surface, the contact line might be almost impossible to detect. Still another 
difficulty, and one of the commonest in actual practice, is the common occurrence of dykes 
or sills intruded into the lavas parallel to the bedding or nearly so, and composed of 
rock similar both in composition and grain to the massive parts of the flows. Con¬ 
sequently the discovery of a line of contact is not alone proof that this lino is a flow 
boundary; it may bo, and in many cases is, a contact between an intrusive dyke and a flow; 
and the dyke may have broken through the flow at any horizon in it. It is never enough! 
therefore, merely to find a contact and assume that it is the upper or lower boundary of the 
flow. It is necessary, also, to determine whether the rock on the other side of the line of 
contact is itself a flow or a dyke. If a dyke, then the line of contact is of no value for 
purposes of structure determination. 

Determination of the lines of contact is rendered easier and more certain when: (1) a 
band of bedded tuff or chert has been deposited between two flows [Fig. 306); and (2) when 
the two flows in contact differ notably in composition In the latter case it is not necessary 
to find the exact line of contact, but merely to establish the fact that the rocks on both 
aides of the contact are flows. Luckily for the geologist, one or other of these two eondi- 
tions occurs with reasonable frequency. 
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these factors must be satisfied that structure determinations are so difficult to 
obtain. The final factor, that of great widths of clean outcrop, is perhaps the 
hardest to satisfy, as in general such outcrops are rarely obtained except: (1) on 
the wave or current-washed shores of lakes or streams of clear water; and (2) in 
areas burnt long enough for rain to have washed away the ash and smoke from 
the rocks, but not so long that moss and lichen have recommenced their growth. 

The chief top and bottom features of lava flows are summarized in 
Art. 184. They are considered in detail in the following paragraphs. 

194. Nature of Lava Surfaces. —The top surface of a lava flow is 
nearly always strikingly different from the bottom (Fig. 301). There 
are several reasons for this difference. Lavas extnided subaqueously are 
chilled quickly on contact with the water or the wet sediments of the 



Fto. 301.—Idealized diagram illustrating the classiBcation of lava surfaces suggested hy Jones (1943: 
265^268)- See tabular classification in Art. 194. {Rtdraxen a/ttr Jone$, 1943, Am. OtophyB. Union 
Trens.. 1943: 266, Fiy. 2.) 

substratum. Movement after the formation of the chilled crust produces 
certain features and structures in the flow that have generally been 
assumed to indicate the presence of water {e.g., pillow lavas, spike and 
pipe amygdules). Lavas extruded subaerially exhibit much greater 
differences in top- and bottom-surface features because of the different 
ways in w’hich lava is affected by contact with air on the one hand and 
with wet or dry sediment or rock on the other. 

Lava in contact with air chills fairly quickly, though not so rapidly 
as when in contact with water, and crusts over immediately. Subsequent 
movement produces a variety of features on the surface, depending on 
several factors. Since the carapaced lava can continue to move without 
restraint from the air, features such as ropes, grooved lava, spatter cones, 
squeeze-ups, and pressure ridges can form readily. 

On the other hand, lava flowing over a wet or dry substratum becomes 
anchored against the rock or in unconsolidated sediment. This anchoring 
effect is responsible for certain features commonly observed in the basal 
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part of a flow which would never form in freely moving lava such as that 
at the surface. Among other things, the hot lava bakes the materials of 
the substratum, and as it moves along it is likely to disengage portions of 
the substratum and incorporate them in the fluid stream. 

An added effect is produced in lavas flowing over wet sediments and 
rock or around living plants. In both instances the heat drives gases 

from the surrounded material, and these gases entering the lava produce 
certain characteristic features. 

The action of gravity also is manifested in thicker flows by sinking of 
early-formed heavy crystals, rising of gases and lighter fluids during 
crystallization, incipient localized spurts of fresh lava breaking through 
thin surface crusts, collapse of the roofs of cavities formed when lava is 
drained out, and many other less conspicuous features. 

It is evident, therefore, that there should be certain features in lava 
flows which could form on only one of the surfaces. These, when used 
properly, provide reliable top and bottom criteria. 

196. Ropy and Rough Surfaces .—The upper surface of a lava flow is 
typically ropy (pahoehoe), spiny and rough (aa), or blocky* (see Figs. 

‘ On the basis of field studies of the Modoc lava beds in northern California, Jones 
(1947: 265-268) formulated the following classification of lava surfaces (see Fig. 301); 

Classification of I>ava-flows 


[Jones (1947: 267)) 


Ordered smooth surfaces 


Hough disordered surfaces 
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Massive pa hoehoe of very 

thick cross-section (10 + 
fcot) with hummocks or tu¬ 
muli, and with cracks at in¬ 
frequent intervals 

Scaly pahoe hoe thin (one- 

quarter to one foot) small 
flow-units overlapping like 
scales, but solid, may show 
pillows and toes 

Shelly pahoehoe thin bubbles 

of weak structure (one half 
foot) that break into slabs 
and plates of loose structure 
= 8!al>-lava 


Ropy lava (on surfaces, slabs and blocks) fine 

smooth ropes to coarse rough ropes (I to 6 
inches) formed by folding of viscous sur¬ 
faces due to the drag of underlying mobile 
lava (grades to furroughed aa) 


Aa-lava in place 

I'inc-aa Modiuin-aa 
0.1 to 1 cm I to 10 cm 
< in. to 4 in. 


Gross-a a 

10 to 100 cm 
4 to 40 in. 


Aa-rubble of fragmental scoriaceous charac¬ 
ter. few fractured surfaces (grades from 
rubble to aa-clinker) 

Block-lava usually four to five fractured sides 

(grades in size from one-half foot to 10 + 
feet) 


Thirty years ago Jaggnr (1917a: 280) proposed the term dermolUh and aphrolitk 
for wrinkled and lumpy vesicular lava surfaces, respectively, but these terms seem 
not to have met with general acceptance. 
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301 to 303). A ropy surface forms on basaltic lavas which retain plastic¬ 
ity long enough so that the molten material can flow for considerable 
distances before solidifying (Figs. 301 to 303). Lobate tongues, over¬ 
lapping pancakelike units, ropy masses, and other characteristic forms 
are intimately intermingled in typical ropy lavas. The more acid flows 


Vw. 302.—Rojiy atul billowy surface of a recent Uva flow in Valle ilell’ Inferno, Vesuvius, Italy, rca- 
tures like these form only on the surface of rather fluid lavas and would, if preserved by burial, provide 
an excellent criterion for deternnning the top of a flow. (Arts. 194, 195.) (After Kuenen, 1939. 
Tijdschr, van hrt koninklijk Nederlandseh Aardrijksk. Ginootschap, Deel 56, Plate 3. Fio* 2.) 

have a ragged and rough surface composed of a jumbled aggregation of 
lava blocks and fragments of all sizes* (Fig. 304). As pointed out by 

^ MacDonald (1945: 1179), in discussing the common misconception that aa flows 
consist of clinker throughout, describes a typical present-day flow as follows: 

. the massive central part of the flow is both overlain and underlain by layers of clinker. 
The upper clinker haver is essentially continuous throughout the extent of the aa flow. 
The lower clinker layer is generally thinner and less continuous than the upper. Locallj. 
layers or irregular masses of clinker occur within the massive phase. Only very rarely ana 
locally is the flow clinker throughout. 

In a section of 20 successive complete flows, the total thickness was about 82 m. 
(267 ft.), the range in thickness of the individual flows 1.2 to 9 m. (4 to 28 ft.), and the 
average clinker content 39 per cent. These data are worth keeping in mind in inves¬ 
tigating fragmental flows in the field. 
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Jaggar (1917:255 258), both pahochoe and aa lava may be formed in 
different parts of the same flow, the former near the vent and tiie latter at 


CourUay o/ U L. Sxchola 

Via. Au luvtt. Vi«w sbowinK spiny surfa. i- of tia- Quaternury Uitc Obsidian flow frotn Ncwbtrry 

Crater, Oregon. (Art. 195.) 

some distance away.* Neither ropy nor aa lava is likely to be developed 

‘ JaRRar (1917:255-288) observed that, in a 1910 flow from ^^auna Lon, Hawaii, 

paltochoe lava formed near the vent, whereas aa was oharaetoristic awav from the 
vent. 


u) /i. Ij. 

tiO. Uopy lava. A. Cordc<l or ropy lava surfiuc in Vail.- dell’ Infrrtio. Vo.Mivitiv Italy. Mott 

wrinkles of this kind ure elmnicterlsti.- of the top .surfftc- of lava flow.>; they are rarely formed on th. 
undersurface, they liave been reported from flows as uneient as Pie-Cambrian (see Fin -lO^) l{ 
Ropy lava on the surface of the Quaternary McCartys basaltic flow of New Mexico. The wi<ith of the 
area .shown ls about a meter. (Art. 195.) (.1 a/ler Kuruc. 19.19. Tij>hchr. ran hi k-o„i,dl,jk Srd.v 

laudt^rh AdninjkHk. (ienoMnehap. Deel 56. Plate 1. Fig. 4.) 
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on an extensive scale elsewhere than in the upper part of a flowj hence 
their characteristic surficial expressions provide a good top and bottom 
criterion. 

Logan (1863: 71) long ago called attention to concentrically wrinkled 
structure on certain Pre-Cambrian flow surfaces, explaining it as “ . . . 
resulting from the flow of the volcanic matter when in a viscid condition/’ 
and Tanton (1930: 75), in describing and illustrating (Fig. 305) the fea¬ 
ture states: “The crests of flowage wrinkles on the surfaces of beds of 



• A 







i ' Jv- 




Cour/f«|/ o/ (7eoJo(/tc^j/ Survey of C<xu(xdu Courttey of f • f • Grout 

A B 

Fio. 305.— Flow \vriiiklo« in Pre-C'arul>rian lavas (light from upper right in both photographa). (Art. 
195.) A. Flow wrinkles on a late Pre-Cainbriari basaltic lava, Wilson L^larul, Lake Suj>erior. (A/tf^ 
Tanfon, 1930, Geol. May.^ 67 : 75, Plate 7, Fig, 1, Original print from Tanton^s negative 4S376 furniehed 
by the Geological Survey of Canada,) B. Flow wrinkles on a Kewcenawan flow at Schroecler. Minn. 
{Reproduced by permiesion of the Jamee Furman Kemp Fund and D. Van Nostrand Company, Inc. 
This photograph, an original copy of xckick u'as furnished by F. F, Grout, appears as Fig. 285 on p. 92 of 
Kemp's “A Handbook of Rocks," 6th ed., revised by F, F. Grotd.) The crests of flow wrinkles are broad 
and rounded, whereas the intervening grooves arc narrow and V-shaped* The counterpart, or under¬ 
surface, of the covering layer, therefore, has narrow, sharp-crested ridges and broad, rounded troughs. 

mudstone or lava are more smoothly curved than the depressions between 
wrinkles. The ability to distinguish between the wrinkled surface itself 
and the cast admits of determining the original top and bottom.” 

Cooke, James, and Mawdsley (1931: 43-44, 50) describe ropy struc¬ 
ture in Pre-Cambrian lavas as follows: 


The Keewatin lavas are commonly seen in cross-section, as the flows in most 
places have been forced into steeply inclined or vertical attitudes and after^'ards 
planed off by erosional processes to form the present surface. A flow, charac¬ 
terized by the ropy texture and seen in cross-section, exhibits a lower section of 
massive lava, which passes at the top into a zone of ribbon-like forms. The 
individual ribbons are roughly parallel to the strike of the flow, that is, to the old 
surface; they exhibit flow textures; they are not of uniform size throughout 
their length, but pinch out usually within a few feet; they need not be perfectly 
parallel with one another but may show' rather large variations in direction; m 
other words, the ropy zone has all the irregularity that one would see if a pile ef 
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interwoven cables were cut across with a sharp knife. The ropy zone is not 
commonly of great thickness; an average minimum thickness might be about 
2 feet, and a maximum perhaps 10 feet. True ropy structures are rather rare 
within the Keewatin, perhaps because general conditions were more favourable 
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I-IO. 306.—Dmerains lUiistratinR the uso of pillow lavas and grain-size varialion as top and bottom 
criteria. A. A massive lava flow with a relatively thick upiKsr chilled zone, a thin bottom chilled zone, 
and downward coarsening texture in the main part. Flows must be of the order of tens of meters thick 
iicforo this textural profile ia well devc*lo|jcd» B. Bipartite flow cotiHUting of a lower nia»8ive part with 
the usual texture gradation and an up|>or part compoecd of pillows. The reverse of this order docs not 
occur in flows. If there is stratified ash or tuff between flows, it w commonly at the top rather than in 
the base, though the feature must l>e used with caution. In both A and ii the size of the dots illu.stratc 3 
diagruminatically the change in size of the crystal grains from top to bottom. C. Tripartite flow con¬ 
sisting of a basal part of massive lava, a thin intermediate transitional zone a meter or two thick con¬ 
sisting of small spheroidal mo.'wcs. end an upiKsr and thicker layer of typical pillows. The intermediate 
zone, which always lies under the pillows and at the top of the massive lower part, contains small blocks 
of lava embedded in lava. Each block is surrounded by a shell of glassy lava 10 to 25 mm. thick marked 
by flow structure. This encircling shell suggests that the block was revolved in a tocous matrix. 
(Arte. 196,204.) {,MQdif\edaHtr Cookt,Jamta,and MaxedtUy, 1931,<?eof. Surcci/Canado 3/em,. 166: 47 
Fig. 1.) ’ 

to the production of pillow structure, which, as the previous descriptions show, 
is rather closely allied to the ropy structure in mode of origin. . . . 

The ropy or corded structure is useful in occasional instances for making 
determinations of attitude. The ropy zone of the flow is, of course, the original 
upper side. It is rarely more than 10 feet thick, so far as noted, and passes 
downward into very fine-grained, massive lava [Fig. 305]. 

Flow wrinkles must be used with due caution, however, for they also 
form on the underside of flows that rest on dry scoria and ash. Hills 
(1940:129-130, Plate Ilfi) describes and illustrates such an occurrence 
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in a basalt flow covering a steep scoria slope on Mi. Porndon, Victoria, 
Australia. 

196. Chilled Top and Bottom Margins. —Ancient flows, as well as 
those of recent formation, have a chilled zone along both upper and lower 
margins. The upper zone is usually much thicker than the lower. After 
the initial contact of lava with cold substratum, which results in the for¬ 
mation of a relatively thin basal crust, there is little or no additional 



Fio. 307.—DiaRram of a lava flow with a thin chilled base full of tiny vesicles, a thicker surface part full 
of lar^?er vesicles and vesicular or frasmental, and the main body of the flow, which is massive and with¬ 
out vesicles. A dry cold substratum causes the hot lava to congeal almost instantly, tiny gas bubble 
being frozen in before they can ascend very far into the lava. A wet substratum, on the other 
when overwhelmed by hot lava, is likely to give off steam, which is driven upward with considerable 
force into the lava* This rising steam forms pipe and spike vesicles. See Figs. 311 and 313. (Art. 
197.) 

chilling. At the surface of the flow, however, there is continuous radia¬ 
tion of heat so that a crust of considerable thickness can form while the 
internal part of the flow remains fluid (Fig. 306). 

Chilled margins have been mentioned repeatedly in geologic literature 
and have proved reliable for top and bottom determination when used 
with discrimination. The pitfalls attending their use are well stated by 
Cooke, James, and Mawdsley (1931: 50-51) (see quotation in Art. 193). 

197. Vesicular and Fragmental Tops; Thin Vesicular Bases.— 
There is usually a relatively thick zone of vesicles, amygdules, scoriaceous 
rock, or fragmental material at the top of a flow, and there may be a 
vesicular or ajnygdaloidal zone, somewhat thinner and less conspicuous, 

at the base.^ (Figs. 306, 307). 

' Butler and Burbank (1929: 26), in describing the Keweenawan basaltic flows of 
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The top of many flows is frothy (pumiceous) or cindery (scoriaceous), 
a condition produced by gas bubbles that burst at the surface or were 
frozen in just below it. In many flows the vesicular crust, floating along 
on the molten stream beneath, is first fragmented and then partly 
engulfed by lava. Such flow surfaces have a rough and ragged appear¬ 
ance that is accentuated by weathering. 

It has been suggested^ that the following zonal arrangement might 
develop in the uppermost part of some acidic lavas (obsidians and 
rhyolites): (1) an upper zone of spherical or spheroidal vesicles at the very 
surface where gas bubbles were free to escape; (2) an intermediate zone of 
ellipsoidal vesicles elongated in the 
direction of flow; (3) a lower zone of 
amygdules developed in spherical 
cavities unaffected by the movement 
in the overlying lava (Fig. 308). So 
far as the author is aware, no example 
of this succession has been reported; 
hence its validity is so far unproved. 

Thin zones of breccia and lami¬ 
nated ash not uncommonly mark the 
top of a flow, as illustrated in Fig. 315. 

Many examples of this phenomenon 
have been cited, and several repre¬ 
sentative occurrences are discussed in 
Art. 201. 

The base of a flow is likely to have a fairly smooth contact with the 
substratum, and the vesicles present are confined to a rather thin chilled 
zone (thin as compared with a much thicker zone of similar nature at the 
top). 

Vesicular and fragmental tops and thin basal vesicular zones have 
been cited as top and bottom criteria by so many writers that it is 
unnecessary to list specific references here. Mention of these criteria 
will be found in many of the articles referred to in connection with 
features of flows discussed in following paragraphs. 

198. Amygdules.2 —Two fundamental types of vesicles form in lavas 
as a result of the freezing in of ascending currents of gases generated at 

Michigan, state: “The top of the flow, usually to a depth of several feet, is porous and 
cellular. . . . There is usually an amygdaloid portion at the base also, but as a rule 
it is only a few inches in thickness." 

* Suggested to the author by Dr. Walter L. Whitehead, Nov. 27, 1942. 

*The reader is referred to a paper entitled “Amygdules and Pseudo-amygdules" 
by Morris (1930: 383-404) for a classification of the kinds of cavities and cavity fillings 
present in igneous rocks. 



tio. 308.—Dia^aiii showing three zones of 
vesicles in the upper jmrt of u flow. The 
spheroidal ve-sicles at the very top (1) are 
filled with gas bubbles, which were frozen in 
just before they could burst forth at the 
surface. The middle row of ellipsoidal 
vesicles (2) marks a zone in which the gas 
bubbles were elongated by lateral flowage of 
the lava. The lowest zone (3) contains 
apcrulitie cavities. (Arts. 197, 199.) {Sketch 
baeed on ouggealion by W. L. Whitehead.) 
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different places in the flow. These are (1), spherical to ellipsoidal cavities 
and (2) simple or variously branching tubes. Rocks containing such 
vesicles are described as vesicular—amygdaloidaU if the vesicles are 
filled—and the partial or complete fillings of vesicles are designated 
amygdules or (amygdales by British geologists). 

Three types of amygdules may be recognized for our present purpose— 
complete, incomplete, and composite (see Arts. 1 and 219). 

A complete amygdule fills the entire vesicle and almost never has top 
and bottom significance (Fig. 309). An incomplete amygdule is really 



Fio. 309.—Diagram showing different kinds of fillings in the vesicles of a lava flow. A complc^ 
amygdule B may be composed of some portion of the original magma that soli<i]fic<l to form the solid 
filling, or it may consist of mineral substances introduced long after solidification of the lava. Stratifi'* 
cation in the filling can be used as a geological level if it is parallel to the surface of the flow. In C the 
upper part of the original vesicle is empty, and the flat surface of the incomplete amygdule, which is 
designated the plane of composition pc, is a reliable top and bottom criterion. Composite amygdules 
O are also reliable indicators of top and bottom if the earlier part can be differentiated from the later. 
(Arts. 184, 198, 199.) 

only a partial filling of a vesicle. The hemispheroidal or hemiellipsoidal 
form of the amygdule is significant because the flat part—the plane of 
composition—represents the upper surface of the amygdule (Fig. 309). 
The plane of composition always represents horizontality at the time 
when the filling was made. Its angular relation with bedding has struc- 
tural significance, as pointed out in Arts. 199 and 219. A composite 
amygdule is a bipartite filling of a vesicle. The lower part is an incom¬ 
plete amygdule; the upper, a later filling. The separating surface is the 
plane of composition (Fig. 309). The earlier part of the composite 

* Butler and Burbank (1929:27) describe ancient Keweenawan amygdaloidal flows 
of Michigan as follows: 

The trap represents that portion of the flow from which the gas had escaped before 
consolidation and crystallisation of the rock took place: the amygdaloid represents the 
upper bubbly or frothy crust in which the rising gas bubbles were frozen before they 
could escape because the top of the flow consolidated more quickly than the mam portion 
underneath. The thin amygdaloid layer at the base of a flow was likewise produced by 
the freesing-in of gas bubbles. 
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amygdule may constitute more or less than half of the filling, with the 
later part showing reverse variation, and it is commonly banded, whereas 
the latest material introduced is more likely to be unstratified. An 
additional difference is in composition. The lower part is likely to be 
composed of more than one substance and to be nearer the nature of the 
original magma, whereas the later filling is more likely to be mono- 
mineralic and composed of a common mineral such as calcite or quartz. 

199. Spheroidal Vesicles and Amygdules. —Spherical, spheroidal, and 
ellipsoidal vesicles form during the solidification of lavas as a result of the 
trapping of bubbles of liquid and gas. The vesicles have a spheroidal 
shape if formed in essentially immobile lava and an ellipsoidal shape, 
with the longer axis parallel to the flow direction, if elongated in moving 
lava. They are filled initially with liquid or gas; later, material precipi¬ 
tated from the residual liquid or gas may form a hemispheroidal deposit 
in the bottom of the cavity.^ Such penecontemporaneous amygdular 
fillings—incomplete amygdules—are reliable indicators of the top of a 
flow, for the flat or slightly concave upper surface of the incomplete 
amygdule is essentially parallel to the upper surface of the flow (Fig. 309). 
If the flow is later tilted, the flat or concave surface of the amygdule 
indicates the top and the angle between it and the horizontal gives the 
amount of tilting (Art. 219; Fig. 337). 

If the angle between the surface of the incomplete amygdule and the 
general bedding of the flow is only a few degrees, this probably means 
that the flow had some initial dip. If, however, there is a larger angular 
relation between filling and bedding, it must be concluded that the filling 
is of secondary origin, having been made after the flow was tilted, and 
that it does not, therefore, necessarily indicate top and bottom (Fig. 337). 

Primary vesicles and cavities may be secondarily filled, in part or 
completely, by infiltration of solutions followed by precipitation of the 
soluble substances so introduced. This phenomenon was described by 
Dana (1845: 54) as follows: 

The mineral in these cavities . . . incrusts the upper half or roof, as if solidified 
on infiltrating through. In large geodes of chalcedony, stalactites depend from 
above like those of lime from the roofs of caverns, and . . . the stalactite is 
often found to correspond to an inferior stalagmite, the fluid silica having dripped 
to the bottom and there become solid; moreover the superior pendent stalactite is 
sometimes found united with the stalagmite below. 

It may not always be possible to determine with complete satisfaction 
whether a partial amygdule was formed from residual substances or from 

* Dana (1845: 54) long ago described such partial fillings of vesicles as follows: 
“The mineral in these cavities sometimes only fills the lower half, as if deposited from 
a solution. ...” 
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introduced materials, but this question does not affect the use of the 
feature for top and bottom determination if the plane of composition is 
essentially parallel to the general bedding of the flow. 

200. Pipe and Spike Vesicles and Amygdules .—Gases formed within 
or at the base of a lava flow rise toward the surface and escape into the 
air unless they are arrested in their ascent (Figs. 310, 313). The path 
followed by the rising gas is marked by a string or strings of vesicles, 
which constitute the so-called “bubble trains” of some writers,* or by a 




Fiq. 310.—Pipo and spike vesicles. A» Diagram of a flow, showing a basal chilled zone containing tiny 
vesicles Z, a basal zone of simple and bifurcating tubular vesicles the main central mass of the flow 
penetrated by a long tubular vesicle A', an upper zone of simple and forked tubular vesicles iV, and a 
surface vesicular zone It should be noted that spike vesicles always fork downward. B. Diagram 
of a sequence of four flows each of which has a basal zone of simple tubular vesicles and a surface zone 
of ordinary vesicles* The medial zone lacks vesicles altogether* Some of the flow^s have red tops* 
This diagram is based on descriptions of Tertiary lavas of Scotland (see Bailey et al., 1924, Tertiary 
and post-Tertiary geology of Mull, etc*, OeoL Survey Scotland Mem., p* 114), the successive flows of 
which are described as ** iatermittent advance of a lava, w*ave upon wave,*’ (Art* 200*) 


simple or dowTiwardly forking tube. Tubes filled with zeolites and other 
minerals are designated tubular, pipe, and s^ike amygdules. 

The pipes may be confined to the upper part. Those which are forked 
have the shape of an inverted Y (f.e., A) (Figs. 310 to 312 ), the lower tubular 
branches converging upward to make a somewhat larger tube, which may 
flare out at the top like a tiny funnel.^ A zone of similar pipes may be 


1 Du Toit (1907: 13-17) was one of the first geologists who reported on pip® 
amygdules. The reader is referred to his paper for an excellent discussion of the 
subject. 

* The use of the trumpet-shaped opening at the top of a pipe for top and bottom 
determination is well illustrated by an example in the Sottish Highlands described by 

Vogt (1930: 68) as follows: “ . . . at Loch Eireboll, Murchison assumed the existence 

of an upper quartzite horizon which Nicol showed to be an inversion of the usual 
Cambrian quartzite, inasmuch as the trumpet-shaped openings of the ‘pipes’ were 
found to be on the lower faces, a condition which indicated a complete reversal of the 
beds.” 
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present m the basal* part of a flow, separated from the actual bottom by 
a thin chilled zone and ending upward in the somewhat coarser part of 
the flow2 (Figs. 310, 311). Other pipes may traverse nearly the entire 
flow, rising from the vesicular basal part, continuing through the denser 
and coarser middle part, and terminating in the scoriaceous or pumiceous 
zone at the top (Figs. 310, 311). 

Pipe amygdules range in diameter from 5 to 150 mm. m to G in.) 
and may be as much as 2 m. (6 ft.) long. 

Certain aspects and relations of pipe amygdules make them reliable 
indicators of the top or bottom of a flow. The tendency for several tubes 



Fio. 311.—Diagram showing details of spherical and tubular vesicles in the basal sono of certain 

wel7Yv“r*"JV Some flows have only spherical vesicles, whereas others have 

wdl-develoi>ed tubidar ones. In most flows the ve-sicles arc filled, and the rock is referred to as amyoda- 

® tubular vesicles or amygdule-s bent over uniformly in one direction, 
indicating some flowap of the lava after the tube was formed. Two such bent tubes are shown at the 

U.s"Zl^u^eXt}^Papr;. b, Sutler. Bur6an*. et a/.. 1929. 


to converge upward has already been mentioned. Some pipes taper to a 
smaller diameter upward, probably reflecting increasing resistance by the 
lava to the further ascent of the gas. In some lavas a zone of simple and 

* Vogt (1930: 68) cites an example from the Scottish Highland schists and states' 
“Dr. Peach examined the Dalradian Tayvallich lava on the Knapdale peninsula and 
found the pipe-amygdalcs springing from the base, while the upper portion of the 
lava was wholly slaggy.” 

* IjOgan (1863:71) called attention to amygdaloidal tops and bottoms in flows, 
stating: “The trap is in general of an amygdaloidal character, less so at the bottom' 
than higher up . . . ” and described tubular vesicles as follows: 

Instances are occasionally mot with where the cavities, generally filled ivith calcspar present 

the shape of irregular vertical tubes of about a quarter of an inch in diameter, running up 

into a bed for several inches, sometimes as many as twelve. Near the base of the bed the 

tubes often approach to within half an inch of one another; but higher up two of them often 

join In one, and this may unite with another which comes up singly from the bottom, or is 

perhaps the result of the combination of other two or more, and so on. The combined 

tubes appear to bo a little larger than the original separate ones. None of the tubes were 
Been to divaricate upwards. 
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forking pipe amygdules passes downward through a finely vesicular band 
into a chilled basal zone (Fig. 310). This sequence has been accounted 
for by assuming that the lava overflowed a wet surface whereupon the 
steam^ and other gases, generated in the substratum by the heat of the 
molten lava, ascended into the lava as far as they could. The gas, being 
cooler than the lava, caused the wall of the tube to be chilled, so that it 
usually is denser than the surrounding scoriaceous lava. The base of the 
flow, meanwhile, was chilled upon coming in contact with the cooler 
substratum. 



Fio. 312,—Pipe amygdules in lava from the Drakenaberg, South Africa. In A the pipes are inclined 
with reference to the base of the flow, indicating that the lava flowed from right to left. In B the tubw 
are perpendicular to the base. It should be noted that in both specimens the amygdules fork down^rd. 
It is this feature which makes pipe amygdules a reliable top and bottom criterion. (Art. 200.) [Afoat- 
fitd after Du Toil. 1907, GtoL Mag,. (5) 4: 14, Fig. 1.) 


If the upper part of a flow in which vesicles and pipes are forming or 
have developed moves forward with reference to the lower part, the vesi¬ 
cles are elongated into ellipsoidal cavities and the pipes are bent forward 
in the direction of movement (Figs. 312, 313). The latter, vertical in 
their lower part and inclined in the upper, indicate the top of the flow as 
well as the direction of lava movement (Fig. 313). Du Toit (1907:17) 
and Walker (1939:305) report inclinations of tubes as great as 60°. 

Du Toit (1907: 15), in describing the diabasic lavas of the Ventersdorp 
system of South Africa, mentions that the nearly horizontal flows 

. . . are in places traversed by nearly vertical cylinders or araygdaloidal rock 
from one to six inches in diameter and with considerable length. Cross-sections 
are circular, elliptical, crescentiform, or a little irregular in outline; the spacing 
of these vesicular portions is usually very irregular. 

The cylinder walls are clearly defined from the enclosing compact diabase, 
owing to the occurrence on their peripheries of closely-set vesicles elongated in a 
vertical direction. ... 

The cylinders may terminate sharply upwards in the form of a cone-shaped 
mass of vesicles, or the bubbles may become diffused through the diabase [Fig. 

314.1 

1 Fuller (1939: 305) ascribes pipes to air imprisoned beneath advancing lava. 
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He explains these amygdaloidal cylinders as clusters of "bubble- 
trains” that formed in a lava too mobile for successful formation of 



A B c 

Fia. 313.—Spheroidal and pipe vesicles in lava flo«-s. A. Diagram of a flow on which a vesicular crust 
has formed and within which gas bubblea are riaing toward the surface crust. B. Diagram of a con- 
geahng flow m which the arrested vesicles in the lower viscous part are beginning to be dragged forward 
(to the nght), while the upi^r port of the flow remains liquid enough so that gas bubbles can still rise 
toward the surface crust. C. Diagram of a flow nearing complete solidification. The vesicles of the 
bwal part, dragged forward as the lava was congealing, are now frozen in solid lava, and the vesicles 
of the upper part, like wise bent forward, will soon bo frozen in as the viscous lava solidifies. Pine 
vesicles and rows of spheroidal vesicles have inclinations as great as 60^. (Art. 200.) [For a somttrhai 
comparable set of diaarams see Emmons, Thiel, Stauffer, and Allison (1939: 312, Ftg. 326).) 

ordinary pipe amygdules when bubbles of gas (air, water vapor, etc.) 
derived from cavities and fissures in the substratum ascended from the 
bottom of the lava. 



ABC 

Pio. 314.—■•Vosiclo cylinders*’ in a South African diahasio lava. A. Longjludinal section of a cylinder, 
o. Specimen showing a cylindrical congregation of vesicles coalesced to form a "pipe amygdale" pa 
C. Transverse section of an asymmetrical cylinder. All figures are one-third natural size. fArt 200 1 
[Modt/Uda/ter Du Toil, 1007. Oeol. Mag.. IS)*: IS. Fig$. 2a. b.e.] 


Pipe amygdules of several kinds have been described and illustrated 
by many \vriters* and are known to be present throughout the geologic 

* Excellent lists of references on pipe amygdules arc given in articles by Walker and 
Parsons (1022; 1923) and Fuller (1039) [see also Butler and Burbank (1929: 27)). 
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column in many parts of the world. The consensus, as fully reviewed by 
Walker and Parsons (1922: 5-12), seems to be that they are usually con¬ 
fined to the base of a flow and that they were formed by the upward 
escape through the lava of steam derived from materials of the substra¬ 
tum.^ Fuller (1939:305), on the contrary, believes that they are formed 
by the ascent of air caught beneath the advancing lava. 

201. Brecci.a. and Ash at Top and Bottom of Flows. —It is not 
unusual in presently active volcanic regions to find a thin deposit of 


tn ^ . . L 





Fio. 315.—Contact zone between an acid and a somewhat basic flow, both of late Carboniferous age, in 
Dorchester. Mass. The upper basic flow contains scattered, irregularly shaped cavities as much as 15 
cm. (6 in.) long, many small vesicles, and a prominent basal chilled zone averaging about 15 cm. thick. 
The acid flow, composed largely of unbedded and unsorted fragments, has at its top a prominent 
lenticular layer that shows distinct bedding and gradation of texture from coarse fragments at the bw 
to ash at the contact with the chilled zone of the later flow. It is probable that there was some erosion 
of this top pyroclastic layer before the basic lava flowed over the surface. The flows, which are over a 
meter thick, now have a concordant southwesterly dip of 80" but face the northeast; hence they are 
slightly overturned. (Arts. 191, 197, 201.) 


stratified ash over part or all of a flow, covering the scoriaceous or frag¬ 
mental upper part (Art. 191), and the same relation is preserved in 
ancient volcanic successions (Fig. 300). Such an ash layer is present in 
vertical Carboniferous volcanics in Dorchester, Mass. (Fig. 315), and 
Wilson (1939:1943; 1941: 21; 1942: 64) includes the feature in his com- 

* Emerson (1905: 92) describes how lava flowing onto water-soaked sand had its 
chilled crust broken open, whereupon the steam generated by the hot lava bored a 
hole upward to the surface through the flow, thus producing a mud volcano. Butler 
and Burbank (1929: 27) found that the thin vesicular zone at the base of most of the 
Keweenawan flows is best developed where the substratum is sedimentary rock, and 
they suggest that this may be due to the fact that the sediment contained more water 
than other kinds of substratal material. 

Bartrum (1930: 451) concludes that tubular vesicles which formed in subaqueously 
extruded lavas in New Zealand “ . . . are obviously the result of evaporation of 
water from the basal tuffs by the heat of the covering flow rocks. ...” 
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merits on the problem of determining tops of flows in the Keewatin of 
western Quebec. Wilson (1942: 64) reports two features that commonly 
mark the top of andesitic flows of the Abitibi series: *‘(1) a zone of breccia 
along the top of the flow, ranging from 3 inches to 20 feet in thickness 

. . . ” and “( 2 ) a zone of lamination up to 4 inches wide along the base of 

the flow above the contact or below the contact in places where breccia 
is absent at the top of the flow.” 



CourltMy of R, L, NxchoU 

Fio. 316.—Big Obsidian flow, Newberry Crater. Oregon. The viovf shows the tabular nature of an 
acidic lava flow with a rough, fairly level surface and quite steep marginal slopes. The height and 
breadth of the flow may be determined in a rough way by comparbon with the surroundina trees 
(ArU. 194, 202.) 

The flows in which these features occur [Wilson (1941: 21)] 

. . . range in width from 10 to 40 feet. They consist almost wholly of dense, 
massive andesite with well-defined flow contacts. On the south side of the con¬ 
tacts [in the Noranda district, Quebecl the margin of each flow is marked by a 
zone of breccia 3 to 6 inches thick. On the north side, on the other hand, the 
margins consist of massive andesite with a well-defined edge against the breccia. 
The zones of breccia are composed of round, sausage-like to tabular-shaped frag¬ 
ments lying roughly parallel to the strike. This breccia is, no doubt, the broken 
up top of the flow. 

202. Planar Top and Uneven Base. —The uneroded upper surface 
of a flow, despite being ropy (pahoehoe) or rough (aa), pillowed or frag¬ 
mental, or in some other way uneven, is when viewed as a whole more or 
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less plane (Fig. 316). This essential horizontality is due to the fact that 
a lava flow usually remains fluid long enough to attain a relatively 
horizontal surface before it hardens. Butler and Burbank (1929:23) 
in contrasting ropy and rough surfaces in Keweenawan lavas state: 

In general it may be said that the flows having cellular or smooth tops are the 
most uniform in thickness and those having fragmental or rough tops the least 
uniform. . . . 

. . . the smooth tops approach much more nearly a plane surface, but the 
rough tops were hummocky and irregular, with differences in altitude of probably 
30 feet [page 28]. 

The undersurface, on the other hand, is typically uneven, in some 
flows spectacularly so, for it had to conform to the irregularities over 

which the lava flowed. In areas of 
considerable relief, valleys may drain 
off so much of the lava that the ridges 
will not be covered or will be only 
thinly covered, and the solidified lava 
stream then remains as a filling of the 
original valley (Fig. 317). Promin¬ 
ences of less magnitude, surrounded 
and capped by lava, may have a 
baked shell around and over them 
(Art. 237) as a result of the proximity 
of the hot lava (Figs. 360, 361)- 
Steams (1942:870) reports such a 
zone of baking at the top of a pink 
arkosic alluvium that is overlaid by 
volcanic rubble and quartz basalt. 
Trees overwhelmed by lava usually are set afire and consumed so that 
only a charcoal-lined or -filled cylinder, erect or prone depending 
on whether the tree stood or fell, marks the place where the plant once 
grew (Arts. 233 to 235.) 

If the top and bottom surfaces of lava flows are examined on a local 
scale, the nature of the two surfaces may be the exact reverse of that 
stated in the preceding discussion. The reason for such a difference is 
the fact that local conditions on a surface being overAvhelmed by lava 
vary greatly from place to place. Furthermore, if the contact features 
of small scale are brought into consideration, it will become obvious 
immediately that no general rule can be formulated for the degree of 
flatness or irregularity of either surface with reference to the other. 

A case in point is reported by Capps (1915:51) from Prince William 



flow 





Fio. 317.—Diagram showing uneven base of a 
flow that overwhelmed a surface of erosion. 
An earlier thin flow bad moved down the 
larger valleys and possibly bad covered some 
of the interstream divides, but much of it 
drained away so that remnants now remain 
only in the^ deeper valleys. Both flows have 
thin basal chilled zones. (Art. 202.) 
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Sound, Alaska, where ellipsoidal lava flows have a rather flat contact 
with underlying shale but a billowy contact with the shale overlying. 

203. SuRFiciAL Excrescences and Irregularities.— Lava flows 
commonly have surficial excrescences and internal ellipsoidal units that 
are useful for top and bottom determination. Several terms have been 
applied to such flows and to the bodies within them, and geologic litera¬ 
ture contains many references to them. Since only a few of the surficial 
and internal structures are of importance in the present discussion [see 
Fuller (1932: 164-170)], attention is directed to them alone in the follow¬ 
ing paragraphs. 



Courtesy of P. E. Auyer 

Fia. 318.—Pre-Cambrian pillow lava along Lake Mattagaini. northwe.slern Quebec. Tbe flow faces 
the top of the picture. Note that the lower sides of the pillows near the haninicr fit into the irregu¬ 
larities of those underlying, whereas the to|»B are smoothly convex. (Arts. 204, 206.) {Photoyrapk 
furnished by P. E. Axtyer and published by permission of the Quebec Bureau of Mints.) 

204. Pillow Lavas,^ —Under certain conditions pillowlike bodies 
develop on the surface of a lava flow. These bodies, which usually are 
disposed with respect to each other as though they were piled up like 

* Pillow lavas are mentioned in many publications, for they are present throughout 
the geological column the world over. They have been used as top and bottom 
criteria by many geologists and rejected for this use by a few. Their mode and 
environment of formation have long been a subject for vigorous discussion. A few 
of the more important references to the pertinent literature follow, but this list makes 
no pretense at completeness. 

Anderson {1910:621-639); Dewey and Fleet (1911:241-246); Lewis (1914; 
691-654); Burling (1916:235-237); Powers (1916:265-266); Foye (1924: 329-346); 
Buddington (1926:824-828); Moore (1926: 1-33; 1930: 137-139); MacGregor (1928; 
19-20); Bartrum (1930:447-455); Cooke, James, and Mawdsley (1931:40-47); 
Fuller (1931:281-300; 1932: 164-170); Hoffman (1933: 189); Stark (1938:225-238; 
1939:205-209); Stearns (1938:262-253); McKinstry (1939:202-204); Wilson (1941- 
18-19; 1942: 62-64). 
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plastic bags of gi-ain, are present in many ancient flows, commonly desig¬ 
nated “pillow lavas,” and may be observed in the process of formation 
around some presently active volcanoes. 



Fig. 319.—Ittealizod diat?ram of pillow lava as it appoan> in plan and cross section. Common shaj)€s of 
pillows arc those of a balloon, a loaf, and a bun. Some of the pillows have a row or two of vesicles iust 
inside the outer glassy shell, some have inwardly directed pij)e*stem vci*iclea. and some have both or lack 
them altogether. In plan pillow's tend to have an elliptical outline [see Foyc (1924:338, Fig. 7)). 
(Arts. 200, 204. 206.) 


Typical pillow lavas‘ are characterized by more or less discrete 

‘ Lewis {1914: 593-594), in the following description, wliieh has been quoted often 
and accepted widely l)y geologists, points out the chief features of pillow lavas: 

[Pillows] arc separate or nearly separate masses of lava that yield rouixled or oval cross- 
sections in all directions, though in many localities they are molded in varying degrees on 
one another or even flattened out like cushions or half-filled sacks, and in the latter case 
nearly or (luite fill the space, without open interspaces. . . . These forms are to l>e clearly 
differentiated from the spheroidal jointing or exfoliation due to weathering. . . • ^ here 
spaces exist between the ma.sses they tend toward a rude tetrahedral form, with concave 
sides (hence are roughly triangular in cross-section), and are generally filled in part with 
flakes and angular fragments of the same character as the curved surfaces of the boundiDg 
masses. Filling the remaining spaces in many localities and cementing the fragments into 
a breccia arc a great variety of minerals that are commonly considered secondary. Promi¬ 
nent among .these are chlorite, cakite, quartz, chalcedony, agate, and other cherty and 
flinty forms of silica, together with epidotc and the wonderful series of the zeolites. 
some regions but few of these minerals occur, while elsewhere, even in other parts of the 
same flow, they are developed in marvelous variety and abundance. 

In some districts the interspaces are filled with radiolarian and other cherts, jaspers, and 
limestones or with shales and coarser terrigenous sediments. Some of the.se seem to have 
been gathered up from preexisting oozes or muds across or into which the lava flowed, and 
others appear to have fallen into the open spaces from subsequent deposits on the lava 
surface. 

In many places the rounded masses are elongated and more or less flattened into a bale¬ 
like or bolster-like forms, and indeed some degree of elongation is a very general charac¬ 
teristic. ... In such cases there is commonly also a pronounced parallelism of the longest 
axes of the masses and a like, though less prominent, parallelism of the intermediate an 
shortest axes as well. Gradations into more irregular twisted and ropy lavas have 
been observed, with half-formed pillows or ellipsoids attached to each other and to the sou 
























































































































































































































































































































































































FEATURES OF IGNEOUS ROCKS 

ellipsoidal bodies of lava that generally are confined to rather definite 
zones and that may be present in any part of a flow—base, middle or 
top (Figs. 306, 318, 319). Pillows may have the shape of a mattress a 
bun, a flattened baUoon with a downwardly directed “tail,” or a somewhat 
deformed ellipsoid (Figs. 318, 321). They range in size from a few centi¬ 
meters^ to as much as 3 m. across, usually have a chilled and vesicular 
marginal shell, and may have a dense, vesicular, or hollow interior. 



A g 

in ancicat lavaa ^ Dia«ran. of a strike section in pillow lavas on Jacques 

skoteru abouV 1 4 planoconvex pillow in the uppermost part of the 

fi nSnSnm K* V ^ conspicuous for its flat ba.se and smoothly biconvex top 

. Ebagram based on a photograph of a vertical strike cross section through pillow structure in Pre- 
Cambnan andj^ite o the Noranda district. Canada. Three ty,«s of pillo«^ are sho«m 0 large 

(lower right) with flat surfaces at top and ba.se: (2) bun-shaped forms: (3) balloon- 
prominent basal projection. If seen in plan (U.. parallel with the dip of the flow) 
the pillows would appear circular or elliptical in outline. Several of the pillows are nicely adjusted to 

Sateriaf!il“n ‘o ^5 mm. wide) of easily weathered JlaLy 

material separate the pillows and form gor©-shui)e<l areas where three of them meet. Indivhlual pillows 

range from over 3 m. loi^ and 1 m. wide to less than H ni. in iliameter. (Arts 204. 206.) (A modified 

Pillows are most commonly developed in basaltic and andesitic lavas, 
but they have also been reported in trachytes [Moore (1930: 139)] and 

massive lava of the flow by necks or along the sides, as in the typical Mesozoic pillow green¬ 
stones of Alaska . . . and in the modern lavas of Hawaii and Samoa. 

The individual pillows are very commonly sheathed in a film of glass from 2 or 3 to 
26 or more millimeters in thickness .... and the microscope shows that this passes 
gradually into the crystalline lava of the interior. In many cases the rock is massive or 
only slightly vesicular, although some very light and spongj' lavas are also known in this 
form. A vesicular or variolitic zone (or l>oth) very commonly lies just within the glassy 
crust, and in some localities a flow-structure is developed parallel to the outer surface of 
each mass. . . . Two or more concentric layers of alternating vesicular and solid lava are 
sometimes found, and the central portions of some pillows are extremely porous or even 
cavernous, the weathering out of such spongy interior leaving only hollow shells. 

Some nonvesicular spheroidal lavas also have in many of the masses a central or axial 
hollow resembling the pipe in a steel ingot. . . . 

(1030: 137; see also 1926: 1-33) has reported that in the matrix of some 

pillows (in the Mississagi Forest Reserve of Ontario) '* . . . there is a structure on a 

very small scale similar to that in the pillow lava.” These microscopic bodies, he 

believes, "... support the theory that pillows are due to the rolling of the con¬ 
gealing lava. ...” 
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dacites [Cooke et al (1931:40)] and even in basic phases of rhyolites 
[Cooke et al (1931: 40); Wilson (1942: 62)]. Pillow structure has come 
to be associated mainly with flows, but Moore (1930: 138) credits A. C. 
Lawson with the statement that “ . . . pillows have been found in 
intrusive rocks—dikes, stocks and probably lopoliths—in California." 
If, as Wilson (1942: 64) comments on the Keewatin pillow lavas of the 
Noranda district, “ . . . the pillows are discrete masses formed in suc¬ 
cession in an upward direction from the bottom of the flow, each succeed¬ 
ing pillow having adjusted its form to the pillow or pillows directly 
beneath it," one is likely to agree with his conclusion that “it is scarcely 
conceivable that such forms could develop in magma confined in a dike." 

Since the appearance of the classic paper by Lewis (1914: 591-654), 
there has been much discussion concerning the mode and environment of 
origin of pillow lavas. Most geologists now seem to accept the opinion 
that pillows form in lavas of intermediate to basic composition which 
come into contact with marine or fresh waters. Extrusion need not be 
subaqueous necessarily, but apparently extraneous water must be present 
in the environment,^ although a few writers doubt the necessity for water 
at all. 

Stearns (1938: 252-253), who studied several thousand lava flows in 
the Hawaiian Islands and in the Snake River Plain of Idaho, concludes 
that pillows^ are 

. . . found only where extraneous moisture was available as steam . . . [and 
that they] form only as a result of excess extraneous steam; hence are caused by 
lava either entering water, or being spread over or intruded into moist ground, a 
conclusion which has been reached by many others. 

Bartrum (1930: 447-455), reporting on certain pillow lavas from New 
Zealand, concluded that they were extruded subaqueously because they 
are both underlain and overlain by tuffaceous rocks containing marine 

* Cooke, James, and Mawdsley (1931:42) would not agree with this generalization 
and cite writers who support their view that “ . . . the presence of water is not 
essential to their [pillow lavas’] formation. . . [(See also Foye (1924 : 329-346); 
Hoffman (1933: 184-195).] 

2 The definition by Steam (1928: 252) of “pillow,” which covers the “typical pil¬ 
low” of McKinstry (1939:202-204), is contained in-the following statement: “PiUo''’’ 
lava consists of spheroidal and ellipsoidal ball-like masses of lava, coated with glass 
and generally detached from each other with fragmental glassy material in the inter¬ 
stices.” Stearns (1938: 252-253) states, further: 

No genuine pillow lavas have heretofore been described in Hawaii, although many 
spheroidal forms have been mistaken for pillow lava. . . . 

The various bulbous forms of pahoehoe in Hawaii which are frequently cited as exam¬ 
ples of pillow lavas are definitely not pillow lavas, but are elongate structures made during 
the normal process of subaerial pahoehoe spreading. 
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fossils. A good many years ago, Capps (1915:45-51) described from 
Alaska an ellipsoidal lava that he concluded had been extruded sub- 
aqueously onto plastic mud and then buried beneath more mud without 
ever having been raised above water level. Wells (1923: 65) also empha¬ 
sizes the necessity for the presence of water, and Sampson (1923: 577) 
concludes: 

Although recognizing that pillow lavas may form on a small scale on land, the 
author believes that a review of the literature justifies the conclusion that a thick 
series of pillow lavas, covering a wide area and free from pahoehoe and massive 
flows, is in all probability a subaqueous flow, and such an origin is accepted for 
the pillow lavas with which the cherts in question [from Notre Dame Bay, New¬ 
foundland! are associated. 

Several observers* have seen pillow and ellipsoidal lavas actually form 
in both subaqueous and subaerial environments, so that disagreement 
over the origin of this type of lava has arisen as a consequence. That 
much of this difference of opinion results from confusion over the defini¬ 
tion of pillow lava is brought out clearly in a series of articles by Stark 
(1938:225-238; 1939:205-209), Stearns (1938:252), HcKinstry (1939: 
202-204), and Wilson (1942: 62-64). 

For our present purpose we shall use the expression “pillow lava” in 
the sense that most Pre-Cambrian geologists have used it [see Cooke 
ei al. (1931:40-50); McKinstry (1939:202-204); Wilson (1942:53-70); 
etc.], for it has been found that such “typical” pillows are useful in 
structural determinations. It matters little here how the lava was 
extruded, for our purpose is to show how pillows may be useful in deter¬ 
mining the top of a flow. 

That typical pillows, properly interpreted, can be used to determine a 
flow top is proved by many statements to this effect in the Pre-Cambrian 
literature of North America.^ Pillows take on added importance as a 

* Anderson (1910: 621-639) describes recent pillow lavas actually seen in the 
process of formation. 

* Wilson (1941:18-19; also 1942:62-64) gives a typical description of a Pre- 
Cambrian ellipsoidal lava as follows: 

Wherever pillow structure is seen in transverse sections, most of the pillows have round 
tops and ore either flattened on their under sides (bun-shaped) or have adjusted themselves 
to fit the *'V-shaped” depressions between the tops of the pillows below (balloon-shaped). 
In the rock face shown in Plate VIB [see Fig. 320] there are three types of pillows: (1) largo 
mattress-like pillows (in the lower right hand corner of the photograph) having flat surfaces 
both above and below; (2) bun-shaped pillows; and (3) balloon-shaped pillows. One of the 
balloon-8ha[>ed pillows rests on two bun-shaped pillows and has, therefore, a modified form 
with two V-shaped extensions at its base. At least two-thirds of the pillows seen in Plate 
\IB are bun-shaped and between one-third and one-quarter are balloon-shaped. In plan, 
that is in sections parallel to the dip of lava flows, the pillows are round or nearly round. 
The round tops, and the flat or V-shaped under sides of pillows resulting from their adjust- 
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top and bottom criterion when it is realized that they are present in lavas 
ranging in age from Pre-Cambrian to Recent and are world-wide in 
distribution (Figs. 318, 320). 

206. Relation of Shape of Pillows to the Top of a Flow .—There has been 
considerable debate, at times friendly and at times heated, in both print 
and in the field or around the campfire, as to whether pillows {i.e., the 
shape of pillows) can be trusted to indicate the top of the flow in which 
they lie. jMoore (1930; 139) reports an occasion when a party in the 
Porcupine district of Canada, challenging the statement of one of the 
members “that the flat side of the pillow is always on the lower side,” 
repaired to the field to settle the question. In an area of splendidly 
developed pillow structure they found about as many pillows with curved 



Fio. 321•—Diagram sltowing by cross section the more common shapes of piUoiv"S* All have in common 
a relatively flat base, which tends to fit over the top surfaces of underlying pillows, and a gently rounded 
upper surface. They generally have a somewhat flattened form. Those shaped like loaves* buns* and 
balloons are reliable indicators of top and bottom in a flow. Those shaped like a mattress are seldom 
reliable for this purpose, Compare these diagrams with Figs. 318 and 320. (Arts. 204 to 206.) 

lower sides as with flat ones. Moore concludes from this experiment 

* 

“that it is dangerous to use this evidence in working out structure m 
areas underlain by pillow lavas.” 

Many other geologists, however, probably have had better success 
than Moore’s party, for the literature of Canadian Pre-Cambrian geology 
contains many statements to the effect that structural determinations 
were made by using the shapes and relations of pillows. [See Wilson 
(1911: 276-277; 1914: 5; 1941: 18-19; 1942: 62-64); Cooke ei a/. (1931: 40 
-44); etc.] 

206. Shapes of Pillows .—There are four commonly observed shapes of 
pillows, and of these two provide reliable top and bottom criteria (Figs. 
319 to 321). 

Large tabular masses, as much as a meter thick and even broader, 
have the shape of a mattress (Fig. 321). They do not indicate the top or 
bottom. ___ 

ment to the tops of underlying pillows, [are] important in ascertaining the structure of the 
rocks, for [they permit] the determination of not only the strike and dip of the pillow lavas 
but also the upper sides of the flows. 
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A second shape is flattened hemispheroidal. Wilson (1941) suggested 
that pillows of this kind be described as “bun-shaped" because of their 
resemblance to a bun. Bun-shaped pillows are typically flat on the 
bottom and convex upward; hence they indicate top and bottom (Figs 
320, 321). 

A third shape is that of a flattened balloon with a prominent “tail" or 
cusp extending downward. Ihe undersurface of the pillow conforms to 
the V-shaped crevice between the underlying pillows. Such pillows are 



Fiq, 322.~Sketch of part of an ellipsoidal, or pillow, lava, showing concentration of vcdiolcs (ainygdul- 
oidal cavities) on what appears to be the upper side of the ellipsoids, (Art. 206.) [AJier Cltmenin and 
Smuth. 1899. U.a. Otol. Survey Ann. Repi.. 19 (3); 54, Fiy. 2.) 

useful and reliable for determining the top or bottom of a flow (Figs. 
318-321). 

An unusual feature in certain balloon-shaped pillows has recently 
come to the attention of the author. The feature consists of planoconvex 
lenses of quartz, which singly or in several sheets lie in the upper half of 
many pillows in certain Keewatin lavas of Quebec. These lenses are 
described and illustrated in Art. 220. 

The fourth shape is that of a deformed spheroid or ellipsoid (Figs. 320, 
321). This type of pillow generally is not to be trusted for detemining 
which is up or down in a flow, despite the fact that the undersurface tends 
to fit over the underlying pillows. 

A significant aspect of pillows is mentioned by Clements, Smyth, 
et al. (1899: 54), who have described how they used the conspicuously 
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vesicular upper part of certain pillows as a top and bottom criterion 
(Figs. 319, 322): “In exceptional cases the amygdules are much more 
numerous on the west side of the ellipsoids—that is toward the top of the 




A.Bulbous type 


B. Linear type 


Fio. 323.—Diauranis showing formation of ‘‘squceze-ups.’^ A, Bulbous squeeze-ups formed by 
succossive cxtrUTfions of lava. When a bulbous mass is sealed off. the lava escapes along one of the 
sides an<l forms another. Linear s<iuoezc-iq>s formed along a crack in the crust of a fiow. Squeeze- 
u(»s are small surface features generally less than a meter in height* Compare with Figs. 324 and 325. 


(Art. 208.) 


lava flows—than on the east side. . . . Wilson (1941:18) found a 
somewhat similar situation in certain Pre-Cambrian lavas containing 


. a zone of amygdules along 



Courtesy of A* L. NickoU 


Fio. 324.—A trilobate bulbous squeeze-up on the 
Quaternary McCartys basaltic lava flow of New 
Mexico. Excrescences of this sort are formed by 
localized extrusion of viscous lava in successive 
gushes (Fig. 323A). The individual lobes are 
left hollow if some of the lava drains out after 
the crust has formed. Squeeze-ups of this kind 
should not be confused with ellipsoids, or pillows. 
The latter have a different relation to the surface of 
a flow and form in a different way. (Art. 208.) 
{After Nichols, 1939, Jour. Otology, 47; 422, Fig. 1.) 


margin or less commonly along the 

top.” This feature is probably of 

limited use, however, for accord¬ 
ing to most descriptions ellipsoids 
have an almost complete vesicular 
shell rather than a concentration 
of vesicles in one part. 

207. False Pillow Lavas. —Re¬ 
cently formed lava flows of inter¬ 
mediate and basic composition 
commonly have irregular or bil¬ 
lowy surfaces due to formation of 
bulbous excrescences by pahoehoe 
spreading. These outgrowths ex¬ 
hibit diverse shapes and have 
received several designations. 
Inasmuch ss some of them have 
the surficial appearance of pillows, 
the sectional heading False Pillow 
Lavas has been used, but this is 
not to imply that the features 


form in the same way as typical pillow lavas. 

208. Squeeze-ups .—Viscous lava extruded through an opening in the 
hardened crust of a flow may take the form of a bulbous swelling (Figs. 
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3234 324) or a linear ridge (Figs. 323B, 325). These surficial features 
which form during subaerial ex- ’ 

trusion, have been designated 
sqmeze~ups by Colton and Park 
(1930:579), grooved squeeze-ups 
by Nichols (1938: 609), toes by 
Jaggar (1931: 1—2), and pushes by 
Brigham [Nichols (1939: 421)]. 

Nichols (1939:421-425) dis¬ 
cusses the formation of both 
bulbous and linear types, as well 
as those which are intermediate. 

Bulbous excrescences may have a 
diameter as great as 3 to 5 m. 

|i Courtesy of R. L. NichotA 

DUl usually are much smaller* Fio. 325.—a linear 8(juee2c-u|> on the Quaternary 
Linear types are as much as 6 m basauic now of n<>w Mexico. Squeeze- 

1 *uutu dS O m. ups of thu kind may pass into bulbous forms 

long and 10 to 12.5 cm. high. Figs. 323 a, 324 ) and are the result of localized 

finth ' ’^xtfueion of viscous lava throufch crack-s in the 

•DULu Kinas 01 squeeze-ups are a flow (see Mg. 323 ^). (Art. 208 .) 

commonly hollow (Art. 220) 1930 . Jour. Ceotogy, 47: 42 - 1 , Fig. 3 .) 

Nichols (1939: 425) points out that '‘squeeze-ups, where recognizable in 
cross section, would be useful in differentiating both successive superim- 

A frontefftow_ ^Tcperurt pOSCd floWS Slid floW-Units." 


front ef flow 


rTop <rgft 


/ MlOfTt cnnt 

Cfftir%\ Ube ef 

leva 


Squeeze Ups 

► 


BoHtd ffow unit 


_ yjj IHll^^ 209. Flow Units—Kichoh 

) (1930:617-630) has applied the 

designation unit to crudely 

® jFi^unit _jiiiniiiiiiXmiii.. imbricating tongues of lava that 

- — ^ T^JIIIIIIIIIIIIllOilllllllllllllllli arc penecontemporaneous mar¬ 
ginal extensions from a master 
c 320). The units are 

/flilllll similar lithologically, have a 

j tabular or lenticular form, and 

characterized by a hoof- 
®_ f vitty wiii^ shaped marginal profile (Fig. 

. —■ 326). They range in thickness 

Jio. 326. —Diagrams showing mode of formation of ^**Om 3 tO 6 m. and in length 

1.°: ZT. 

tranaveree sections show the central molten tube of As many aS five UnitS, One On 
lava whoso motion downstream advances the lava *u ^*. 1 , v i 

front. The planoconvex, or hoof-shaped, front of a Other, have been 

hnH PfoyidM a profile by which the top or observed 

confidence. 

0 ) 1B36. •'our. Oeoiotfv, 44: The units are much smaller 

than a typical flow but they can 
be oriented by certain of the same criteria used in determining the top of a 


Cwtrsltobsof 
liquid levs 


fl. p*“«*ycunvex, or nooi-shaped, front of a 

«ow unit provides a profile by which the top or 

can be determined with confidence. 
noB P- AficAols. 1936. Jour. Oeoloffy, 44: 

u^5, tig. Us) 
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flow. Each unit has a thin zone of vesicular lava at its base and a much 
thicker similar zone at the top (Fig. 327). Crude columnar jointing 
is usually present in the upper part of the unit and a type of horizontal 
sheeting in the lower. If the unit margin can be viewed in a vertical 
section, the planocurvilinear, or hoof-shaped, profile furnishes a reliable 
criterion for determining the top. 

Flow units do not seem to have been reported from ancient igneous 
rocks, but they constitute a feature that should be sought. 



Courtesy of R, L. Nichols 

Fio. 327.—A close-fitling contact between two flow units of the Quaternary Suwance basaltic flow m 
Valencia County. New Mexico. The upper part of the lower unit is highly vesicular and marked by 
two kinds of jointing. Columnar jointing at the very top gives way downward to crude sheeting. In 
contrast, the lower part of the overlying unit has a basal chilled zone with only scattered vesicles anu 
lacks prominent jointing. Since the reverse of the contact relations is not likely to occur, the sequence 
provides a reliable means of determining top and bottom in a series of overlapping, juxtaposed units. 
{Arts. 209, 244.) {After Nichols^ 1936, Jour. Geology, 44: 618, Fig. 1.) 


210. Spatter Cones .—Small spatter cones occasionally interrupt the 
smooth surface of a flow, producing a conspicuous protuberance, which, if 
buried, would provide a top and bottom criterion. It seems entirely 
possible that some ancient flows had such surficial features as spatter 
cones, and there is good reason to believe that some of these may ulti¬ 
mately be found (Fig. 328). 

211. Pressure Ridges .—Under strong lateral pressure the crustal part 
of a flow may buckle into linear ridges, and these commonly develop a 
medial crack that may remain open or be filled by lava welling up from 
the lava stream beneath (Figs. 329, 330). 

Pressure ridges, as developed in the Quaternary McCartys basaltic 
flow of New Mexico, are described by Nichols (19396: 432) as follows: 
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On the last mile of the Flow pressure-ridges are very common. The shortest 
are only 130 feet long while the longest are more than 1200 feet. They are from 
10 to 25 feet high and as much as 100 feet wide. In transverse cross-section the 
sides of the pressure-ridges are steep, reminding one of the gable of a house or the 
cross-section of a broken anticline. They have a medial crack running along 
the crest of the ridge which may be as much as 15 feet in width but which is 
usually much less. They are almost without exception lined up parallel witii 
the Flow and they are in general close to its margin [see Fig. 334]. 

212. Miscellaneous Surface Irregularities .—There are additional 
surface or near-surface features of lava flows that have not been con- 



CourU$y oj R. L. UichoU 


Flo« 328.—Small spatUr cone 6 miles from the tcrmiiuiA of the Quaternary McCartya baanltic flow of 
New Mexico. The man is 6 ft. (2 m.) tall. (Art. 210.) (A/ter NichoU^ 1946» BulL Oeol, Soe. Am., 
#7; 1062. P/afeS, Fv. 2.) 


sidered in the preceding discussion, either because of their uncertain value 
as top and bottom criteria or because they have not been adequately 
described and illustrated. In the former category, {i.e., of uncertain 
value) should be listed such features as “grooved lava” and “shark’s- 
tooth” structure [see Nichols (1938: 601-fll4; 1939a: 188-194; 19396: 432 
-433) and Nichols and Stearns (1939: 433; 1940: 22-31)]. 

213. SuRFiciAL Cracks in Flows. —Cracks, crevices, and prominent 
holes break the continuity of the surface of many recent flows, and similar 
features should be expected along the top margins of ancient flows. 
Under certain thermal and stress conditions (Arts. 214, 215) prominent 
surficial cracks are developed in the carapace of a flow. These may be 
filled later by upwelling lava from beneath, by a new flow on top of the 
cracked surface, or by clastic material washed in from the surrounding 
area (Figs. 331 to 333). Depressions formed by the collapse of tunnel 
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and cavern roofs pit the surface of some flows and may be partly or 
completely filled by surface lava or with clastic material (Figs. 331, 345). 
Finally, the processes of weathering and erosion etch an exposed lava-flow 



surface into secondary relief, 
and the negative features so 
produced can be backfilled 
with lava or clastic material 
in the way described in the 
preceding cases. 


Liquid lava 



Fio. 329.—Diagram showing formation of pressure ridge 


The general rule in all the 
examples just cited is that the 
crack penetrates the older 
formation and is filled by the 


and its medial wedge. The crust of the flow is cracked 
by arching, whereupon molten lava forces its way upward 
between the tilted blocks. .\t one point the lava has 
broken through to the surface with enough mobility to 
flow a short distance down the slope of one of the tilted 
blocks. Compare with Fig. 330. (.4rt. 211.) 


younger. 

If lava advances across a 
preexisting flow surface that 
is cracked or pitted, it flows 


into and fills all depressions unless it is too stiff. In the latter case 
an inverted ridge or lobe of lava will hang down into the crack 


(Fig. 332). This feature should not be confused with a linear squeeze-up 
(Art. 208). The clastic fillings of cracks are likely to be tuffaceous 



CoMTitsy of R. L. Nuhols 

Fio. 330.—Pressure ridge on the Qtiaternary McCart>*3 flow in New Mexico, showing a 
flow that issued from the medial crack. The ridge is 7 m. (21+ ft.) high and 20 m. (60+ •; 

(Art. 211.) (After NichoU, 1948. BuJf. Gcol. Soc. Am.» 67: 1072, Plate 8. Fiff. 1.) 

because of the local origin of the material. Such fillings have been 
mentioned by a few writers [Fackler (1941:550-556)] and are kno^\n to 
be present in ancient volcanic rocks. 









FEATURES OF IGNEOUS ROCKS 


371 


Prominent cracks and hollows between pillows, blocks, and other 
suiface irregularities will be filled under favorable conditions, and the 
laminae of the fillings tend to be parallel or concave* to the superjacent 
strata (Fig. 332). Burling (1916: 236), who found sedimentation of this 
sort while studying the ellipsoidal lavas in Glacier National Park, 
Montana, concludes that “ . . . the silting up of cracks in the surface of 
the flow would seem more natural than the upward penetration, into 




rio 331. F lied cracka in flow surfaces. A. DiaKram showing cracks in the surface crust of a flow 
Molten lava has ascended to fill the cracks partly or completely. The left triangular filling represent.s 
a grooved wedge of vwcous lava; the central crack was filled with lava that was fluid enough to reach 
and locally overflow the surface: the right crack was not completely filled before the lava solidified. 
1 he second flow fits cleanly over the irregular surface of the first. B. Cracks in a lava flow filled nartlv 
or cornploudy by a second flow. At the right is a large crack that was not filled because the lava was 
aliiioet solid and could only sag slightly before solidifying. C. Diagram showing lava of a second flow 
miiiig neatly over the irregularities of an earlier flow containing prominent pillow structure. D 
(Original cracks in a lava flow modified by weathering and erosion before being filled by sediments and 
the lava of a second flow. (Arts. 213, 214, 216.) 


cracks several feet in height, of mud sufficiently resistant to flatten the 
bases of individual ellipsoids,” but he emphasizes how this feature must 
be used with caution to prevent confusion with contemporaneous mud- 
filled crevices on the underside of a flow, like those described by Capps 
(1915: 49) from the Prince William Sound region in Alaska. 

Capps (1915:51) describes the difference between the mud-filled 
cracks at the top and bottom of the Alaskan flows as follows: 


The difference in appearance of the flat bottom of an ellipsoidal flow, with its 
abundance of mud-filled cracks, from the uneven upper surface of the same flow, 
and the consequent unevenness of the bottom of the succeeding sedimentary bed 

* Compaction and consequent downward sagging of laminae between adjacent 
prominences can produce concave lamination. 
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often made it possible to determine which surface of a steeply tilted bed was 
originally the upper surface, and was a valuable aid in working out the structure 
of the beds. 

214. Thermal Cracks .—As the surface of a flow cools in contact with 
air, a carapace or crust forms. Later this crust shrinks, and tension 
cracks develop. These range in depth and breadth from tiny cracks to 
clefts many meters deep and wide (Figs. 333, 334). If they are filled by 
later lava or with surface debris, they and their fillings provide criteria 
for determining the top of the flow (Figs. 331, 332, 348). 



Fla. 332.—Collapse features on the surface of flows. A. Diafiram of a tube of which the roof collapsed 
before a later flow fllled it. Stalactites formed on the rim of the tube as the later lava flowed in* Fras* 
nienta of the crust of the earlier flow' lie on the bottom of the original tube. B, Diagram showing the 
collapsed roof of a small lobe on the surface of a larger flow. A second flow filled and buried the cavity 
left by the outflowing lava of the first. Fragments from the crust of the lobe lie buried on the bottom 
of the original tunnel. C. Diagram showing the sagging and cracking of a part of the roof over ^ 
tube. If the lava, as shown at the left by vertical lining* were to flow over the sagging roof* it is likely 
that the roof would collapse and the lava fill the tube. Incoming sediments could have the 
effect. D. Diagram showing a small hole in the crust roofing over a lava tube. Both sediment ana 
lava could enter such an opening and partly or completely fill the cavity. (Arts* 213, 214, 215.) (Die* 
fframs based on sugoestions by R. L. Nichols.) 

Lane (1911:31) described sediment-filled thermal cracks in the 
Keweenawan lava flows of Michigan and used the term dasolite for the 
material filling the cracks. In discussing the sedimentary filling he 
stated: 

. . . this red shaly or sandy sediment may work far down into the old lava beds 
or traps, following the cracks that formed as it cooled, and to such little red 
sediment-like veins I have applied Wadsworth’s name of clasolite [may be defined 
as clastic vein]. 

The clasolite veins are composed of material similar to the matrix of 
the amygdaloidal conglomerates that lie between successive flows. 
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216. Cracks and Crevices Due to CoWapse.—Collapse of the roofs of 
tunnels, caves, and other large cavities, caused by drainage of lava from 
an encased flow, produces a variety of cracks, crevices, and larger depres¬ 
sions. We shall mention here only those cracks of rectilinear nature. 
Larger collapse features are discussed in Art. 221, 

Owing to their mode of origin, cracks and crevices formed as a result 
of collapse are likely to open downward into larger cavities. On the 



Lourtfgy of K. L. Ntcholg 

Quaternary McCartya basaUic- flow of New Mexico. 
^ “sociatcd with pressure ridges and commonly lie near flow n.argins. 

n ^ • L" indicators of the top and would he 

further emphasised if filled with new lava or sediment. Under certain conditions they might remain 

a^"filUho*JS^ ^'*(Art 214^^ ^ ^ ‘covering lava were too stiff to flow downward 


other hand, if the roof of the cavity sagged without collapsing, the sur¬ 
face cracks lie along the margin of the depressed roof (Fig. 332). 

Since features such as those just described are common in recent 
basaltic flows, it seems reasonable to conclude that they may also be 
preserved in some ancient flows (see Figs. 333, 334). 

216. Crevices Produced by Weathering and Erosion.—Cracks, crevices, 
pits, and other depressions are etched or worn into lava flow surfaces by 
weathering and erosion. These may be formed entirely secondarily, 
but many represent primary features that have been enlarged and to some 
extent reshaped by wind and water. If the denuded lava flow is buried, 
the contact relations along the surface between the juxtaposed rocks 
should indicate which of the formations was denuded and which was 
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deposited on the surface of denudation.* Specific features produced by 

weathering on flow surfaces and within flows are discussed in Arts. 222 to 
226; those produced by erosion, in 


Art. 227. 

217. Primary Cavities and 
Their Fillings. —After solidification 
lava flows have many kinds and 
sizes of cavities. These include tiny 
vesicles, larger spheroidal, ellipsoidal, 
and tubular cavities, and still larger 
cavelike tunnels that may reach a 
diameter of tens of meters and persist 
for many kilometers. There may 
also be local collapse features that 
have the shape of a cistern (Figs. 344, 
345). The smaller cavitiesare formed 
by trapped bubbles of gas and liquid; 
the larger, by the flowing out of molten 
lava from a partly solidified flow. 
All these cavities have top and bottom 
significance by virtue of the predicta¬ 
ble position they hold within a flow 
or of the flat-topped incomplete filling 
deposited in them before the flow is 
tilted or folded to any extent. 

218. Bubbles in Liffuid and Solid 
Inclusions .—Not only are globules 
of original magma and bubbles of 
gas and liquid caught and trapped in 
quickly cooling lava; their micro¬ 
scopic complements are also included 
in gi-owing crystals, and these deserve 



Iio. 336.—Bubbles in glass-HlIed cavities in 
a quart* plieiiocryst. A. Portion of a 
quartz crystal containing several cavities with 
bubbles. li. An irregular cavity now filled 
with glaa-s except for the prominent bubble in 
the upper part. C. Negative crystal cavity 
filled with gloss except for large bubble. It 
Ls to be noted that the bubbles all lie in the 
same general position in the cavities, i.e., 
near the upper margin. {Sktlehea are baaed 
on a porphyrilic rhyolite from Apali, Hungary, 
numbered 3183 in the Roaenbuaeh Collection oj 
the Maaeachuaetta InatUute of Technology ) 
(Art. 218.) 


brief notice here.* 


Let us assume that the original inclusion had an irregular shape, with 
an equatorial constriction of some sort, and consisted mainly of water. 


* Wright (1932:32-33) used the relations of an interflow chert bed to determine the 
top of a sequence. 


Ono chert bod . . . appears to have boon deposited on an irregular surface of a lava 
flow, perhaps developed in part by erosion in the interval between the extrusion of the flows. 
This bod was followed carefully along its strike and its north side is straight, whereas the 
south contact is irregular, causing the thickness of the l>ed to increase abruptly from 1 foot 
to as much as 14 foot at ono point. 

* The author is indebted to 0. F. Tuttle for calling his attention to several types 
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As the crystal and the rock around it cooled, the water contracted faster 
than the mineral and some of it went into the vapor phase to fill the space 
resulting from the contraction. The vapor then migrated upward and 
collected at the top of the inclusion. Once the rock had cooled, the 
bubble of vapor became fixed and it would not thereafter change its general 
position unless the rock mass were rotated through more than 90®. 
Hence the vapor bubble, acting as a geological spirit level, indicates the 
direction of gravity at the time when the rock solidified about the parent 
crystal (Fig. 335). 

Spheroidal inclusions of gas and liquid are commonly trapped in 
quartz and feldspar phenocrysts of rhyolites (Fig. 336). As in the 
preceding case, the included material, cooling faster than the parent 
crystal and the rock surrounding it, contracts somewhat, and the vapor 
resulting fills the void and migrates upward to the highest position it can 
attain. Here it is trapped by the fluid below or by the glass resulting 
from the solidification of the original included fluid. The final inclusion 
then consists of a small spheroid of liquid or solid with a tiny bubble at 
the very top (Fig. 336). 

Tilting of the containing rock may destroy the usefulness of the 
inclusion as a top and bottom criterion if it consists of gas and liquid, but 
not if it consists of gas (or fluid) and solid. The position of the tiny 
bubble at the top of the inclusion gives a means of determining horizon- 
tality and verticality (up or down) in the rock mass at the time when it 
cooled. Similar inclusions are quite common in certain synthetic min¬ 
erals. They constitute a criterion well worth seeking in porphyritic 
rhyolites and other igneous rocks of similar nature. 

This type of criterion requires microscopic investigation of carefully 
oriented thin sections, supplemented by statistical study of the inclusions 
themselves. A few random determinations cannot be trusted, but a 
statistical treatment of all the inclusions that can be studied in a section 
usually suffices for satisfactory determination of the direction of gravity. 

219. Incomplete and Composite Amygdules .—The shape, mode of 
formation, nature of fillings of vesicles, and the use of certain fillings in 
structural geology are discussed in Arts. 198 to 200. Here, only one type 
of amygdular filling will be considered—that which constitutes a hemis- 
pheroidal or hemiellipsoidal deposit in the lower part of a vesicle. These 
are started before the containing lava is tilted to any extent, as proved by 
the fact that the flat upper surface of the incomplete amygdule, which is 
in reality a geological spirit-level, is at first essentially parallel to the 


of microscopic inclusions and for pointing out how the position of bubbles in these 
inclusions has top and bottom significance. 



features of igneous rocks 377 

general surface plane of the flow. If there is no tilting during the deposi¬ 
tion of successive layers of mineral substance on the bottom of the original 
vesicle, the laminae of the incomplete amygdule are parallel with one 
another, as well as being parallel with the general flow surface (Fig 337) 
Such an amygdule commonly has the form of a concentrically layered 
geodelike shell, inside which lies the hemispheroidal or hemiellipsoidal 
deposit of parallel laminae* (Fig. 338). It may be composed of (1) 
original magmatic substances dissolved in trapped gases and liquids- (2) 
substances dissolved from the components of the surrounding rock and 
deposited m the cavity; and (3) materials brought into the vesicle from 
outside the flow. It follows, therefore, that the incomplete amygdules 
being described may be composed of any one of the three materials or 







^ B ^ 

place. The early part was doposiled bcfoJJtuuVK formed us tilting took 

aucccssivo stages durinc tikinff F rn/v/^n^ i * ^ i con%erging laminae were deposited at 

of any combination of the three. However, the material of (1) must in 
every case be the bottom deposit.^ 

If there is tilting after an incomplete amygdule has formed, the flat 
upper surface of the filling indicates the direction in which the top of the 
containing flow lies and the angle between it and the horizontal gives the 
amount of tilting (Figs. 337, 339). Banded incomplete amygdules of 
this sort were long ago described from the Carboniferous Brighton flows 
m Allston, Mass., by Davis (1880: 426^28) and Burr (1901: 53-69) the 
former of whom concluded that they could be used to determine the’ top 

S^rr '*"'*"■>> examples are the “water-level agates" from 

ff Oretn 4 “ ’ “ Ri™r basalts 

Of Oregon Specimens of the former are to be seen in almost any large mincralodcal 
museum (Figs. 3384, 339). ^ ® mincraiogical 

* The author is indebted to Prof. F. K. Morris for the information that the linni,! 
rroun^thrmarr'^^ vesicles may deposit a tiny shelf or band of material 







B-D couritsy of //. C. Dokt 


Fig. 338.—Gcodelike concretions with stratiiied fillings weathered out of lava flowa. A. Water* 
lever' agate from Brazil (X0.6) showing two stages of filling. In the first, silica was deposited m 
parallel laminae on the floor of the cavity and later on the ceiling and walls; in the second, the remaining 
hemicllipsoidal cavity was filled with unstratified silica that crystallized into quartz. B. Concretion 
('‘thunder egg") from the Columbia River basalt of Oregon (X0.3) showing a rhyolitic shell and a 
partial filling of laminated silica. The upper part of the concretion ia empty. This is not a cominon 
type of concretion according to a letter from H. C. Dake of Portland, Oreg., who wrote: 
than 10 % of all the * thunder eggs' we find show hollow areas.*’ C. Thunder egg from Oregon (X 0. J 
showing tubular stalactites hanging downward from the ceiling of the original ca\dty and surrounded V 
the laminated filling. These stalactites are believed to have formed during the early part of the fillip* 
stage. They constitute a reliable criterion for determining the top side of a concretion. ^ 

cracked thunder egg from the Columbia River basalt of Oregon (X0.3) consbting of a ^ 

broken into segments by radial fractures, and an internal cavity filled vnth silica that is stratified be o 
and massive above. Concretionary masses like those illustrated above range in size from 6 
several meters in diameter and usually have a rhyolitic shell surrounding a cavity partly or who y 
filled with silica. (Art. 219.) {Photograptu B, C, and D furnuhed by H. C. Dake.) 


of the tilted flows. The banded amygdules are associated with others 
having concentric structure and which, because of this feature, are use¬ 
less for top and bottom determination. The two kinds of amygdules are 
illustrated in Fig. 340, which is based on Davis’s original sketch. 
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If the tUting of flows containing vesicles with primary incomplete 
amygdules is followed by renewed deposition of material in the vesicles, 



^l6.Scm.‘6.Sin. 

A 



Digram' fheTai^ Columbia River baaalt of Oregon. A. 

thunder egg. The geode ionsbto o" a think ^ multilaminated 

seta of differently incii^d laminae aid an uSi>erS uni ratifierm^ 
of the two planea of lamination shows a dive^Ji^e^f about 

good© waa tilted through this angle after the first nf UmJ Jl« ^ho flow containing the 

the second started. In the third staao of fillimr n.i. » *'”*"*? deposited and before deposition of 

cavity. I, .eodc lik» thU coSS bcTould " Slu and c."c7uS^ 

they would oon.Ututo a reliable top and bottom fe«u,r (Art ‘ 

the laminae of the second increment have an angular relation to those of 
the flrst and the angle indicates the amount of tUting that took place 
between the two periods of amygdular deposition (Fig. 337 ( 7 ), Com- 
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posite chalcedonic amygdules of this sort ai-e known to be present at 
certain Oregon localities in the Columbia River basalts. 

An unusually interesting and significant amygdule is formed when 
successive increments of silica or some similar substance in the form of 


wedge-shaped laminae are deposited on the floor of a vesicle in a flow that 
is undergoing periodic tilting. Inasmuch as the top of each lamina is a 
horizontal plane at the time of formation, successive laminae diverge 



Fiq. 340.—Banded and incomplete amygdules 
in the Carboniferous Brighton lavas of eastern 


from a common point and the total 
divergence betw’een the first and last 
laminae indicates the amount of tilt¬ 
ing that took place after filling of the 
vesicles started (Fig. 337C). Reed 
(1937:239-243) reported a case in 
point from Columbia River lavas near 
Freedom, Idaho. These lavas con¬ 
tain composite amygdules having two 
distinct parts: (1) a concentrically 
laminated shell composed of a sequence 
of minerals, that Reed concludes were 
deposited early from “deuteric emana¬ 
tions”; (2) an incomplete siliceous 
filling of the remaining cavity that 
consists of converging laminae. The 
latter are explained as successive 
increments of silica deposited in the 
bottom of the concentrically lined 


Massachusetts. The flow, dipping gently to .. i ._of 

the left, is top side up as indicated by the CBVity durillg BOd bstweCH t 

numerous incomplete amygduiar of periodic tilting. The amygdulcs are 

after Davis, 1880, Boston Soc, Nat. History present thrOUghOUt tWO jUXtapOSCa 

proc., 20 . 428, Ftg. 2 .) flows, which are parallel and now dip 

at an angle of 17°, and show a maximum divergence of 14° between the 


laminae. The remaining 3° may represent initial dip, though Reed states 
that there seems to have been little if any of this, or it may indicate that 
much tilting before the first increment of silica was deposited. The tilt¬ 


ing took place between lower-middle Miocene and Pleistocene. 

If the vesicles of tilted flows contain incomplete amygdules with 
laminae or top surface now horizontal or with some inclination between 
that of the flow and horizontality, the filling was not made until folding 
or tilting had got under way and it is not, therefore, a trustworthy crite¬ 
rion of top and bottom (Fig. 337^. Such fillings, however, may suggest 
the direction in which the top of the flow lies by indicating the only direc 
tion in which the flow could have been rotated (Fig. 337F). 
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220. Original Cavities in Pillows and Sguccze-ups .—Planoconvex 
cavities and their lenticular quartz fillings are present in pillows and false 
pillow structures of some lava flows. Since they nearly always lie above 
the median horizontal plane of the bulbous mass, the flat part constituting 
the floor and the curved part being roughly parallel to the convex upper 
surface of the pillow, or ellipsoid, they provide a useful criterion for 
determining the top and bottom of lavas that have been folded and 
metamorphosed. 



I-ip. 341. Quartz cyo.s iti Prt-Canibrian dhpsokial lavu-s alone Lake Mattacami, northweatern 
Quebec. The r|iiartz-fillc<l cavitien. flat on the bottotn ^^<^e and irrefiularly convex on the upiKT. always 
he above the iiiechun honzontal i»lanc of the ellipaoid and provide a reliable top and bottom feature 
borne e lipsoid.H have a sincle larne cavity rather than several Binaller ones as .shown above: in such 
cllipaoids the cavity has a convex roof that tends to parallel the upi>cr boundary of the ellipsoid. The 
rounded ends of three adjocent ellipsoids arc visible in the upper riKht-hand corner. .4lterod volcanic 
oort “‘®space- A pronunent fracture transects the larRc ellipsoid from left to right. 
(Art. 220.) (Sketeh based on a pholot/raph by P. E. Auyer, which uaa used by permission of the Quebec 
iSurtau of 


Ihe attention of the author has been called to one example of this 
kind in certain Keewatin lavas of Quebec.' The lenses, as illustrated in 
Fig. 341, have a fairly fiat base and usually a .slightly convex upper sur¬ 
face. The flat base parallels the general horizontal plane of the flow, and 
the convex upper surface tends in a general way to parallel the upper 
margin of the pillow containing the cavity. If a median horizontal plane 
is drawn through a pillow having one or more of the quartz lenses, the 
latter always lie above the plane (Fig. 341). Dr. P. E. Auger, who dis¬ 
covered these lenses and used them for structural determinations, believes 
that the cavities now filled by secondaiy quartz were formed originally 
by the aggregation of gas bubbles which were trapped in the upper part 

* The author ia indebted to Dr, P. K. Auger, who described the feature to him and 
furnished tlie photograph used in making Fig. 341. 
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of the pillow while it was still partly plastic. They may also have been 
formed, at least in certain flows, by the draining out of some still liquid 
lava, as described by Fuller. (1931:287), but this seems a less likely 
explanation. 

Somewhat akin to the “quartz eyes” found by Auger are the “eye 
and eyebrow structures” reported by Burrows and Rickaby (1935:17) 
from Pre-Huronian rhyolite of the Sudbury district, Ontario. The 
writers describe the feature as follows: 

One peculiar structure noted in some of the rhyolitic rocks consists of crescent¬ 
shaped bodies of quartz associated with rounded pea-like inclusions, also of quartz. 


B 

Fio. 342.—"Eye and eyebrow" structure in Pre-Cambrian rhyolite of the Sudbury dUtrict. OnUrio. 

®y® and eyebrow structure consisting of a large crescentic mass of Quarts with a smaller 
spheroidal body on the concave- and underside at a disUnce equal to about one-half the length of the 
crescent. This diagram can be either a plan or a cross section. B. Eye and eyebrow structure as it 
appears on the surface of a rhyolite flow. The small, pealike quartz bodies are not always present. 
Since the crescents always have the convex side toward the flow top. they provide a reliable top and 
bottom feature. (Art. 220.) {Sketches baaed on description and illuatrations bu Burrova and Rickaby, 
1935, Ontano Bur. Min. Ann. Rept., 43: 16-17, Ftps.) 

The crescents are from 3 to 6 inches long and the smaller pea-like masses are 
approximately an inch in diameter. In many cases the two are together with the 
smaller mass from one to three inches from the crescent and always on the 
concave side. In the same flow these crescents assume always the same attitude 
with respect to the flow, that is, with the convex side toward the flow top. 

Figure 342 consists of two diagrams based on a photograph showing 
a number of these structures, which have obvious top and bottom 
significance. 

Fuller (1931:287) described and illustrated an original cavity in 
basalt formed by the draining out of some fluid from a chilled ellipsoid. 
The remaining cavity has a flat bottom and a domed top roughly paral¬ 
leling the shell of the ellipsoid (Fig. 343). This may be the way in which 
the Quebec cavities described above were formed, although it does not 
seem very likely. 

Bulbous and linear squeeze-ups (Art. 208) are commonly left hollow 
by the draining away of some of the lava after the outer crust has formed. 




A 
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The resulting cavity may be filled later with introduced material. Both 
cavity and filling might well be of use in determining the top or bottom of 
a squeeze-up as illustrated in Fig. 323. 

221. Tunnels, “Cares,” Collapse 
Features, etc .—Tunnels and similar 
cavities are known to form when lava 
drains out from under the solidified 
crust of a flow. If the roof is suffi¬ 
ciently strong, the cavity may persist 
for a long time and may even be buried 
and filled with sedimentary material. 

Stearns (1926: 539) describes a tunnel 
of this sort in Idaho that is 20 km. 
long. 

If the roof of such a tunnel is weak 
or becomes weakened later and col¬ 
lapses, a cave or cisternlike cavity 
results and this may be filled with 
materials washed and blo\\Ti in from 
the surface. Nichols (1938:607-608 
describes a collapse feature of this sort, and Fig. 344 is a diagrammatic 
sketch prepared for him by Dr. Erwin J. Raisz, with whose kind permis¬ 
sion it is here reproduced. Nichols (19396: 432) states: 


Fio. 343.—A hollow ellipsoid from foresei- 
bedded volcanic breccia east of Columbia 
River about 2^ miles south of Moses 
Coulee. The vitreous mar^n, irregular 
distribution of marginal vesicles, and large 
central cavity with a horizontal floor are 
clearly defined. The el]ii)soid is about 43 
cm. (17 in.) in diameter. The planoconvex 
ca\dty indicates that the enclosed lava 
retained a relatively high degree of fluidity 
for some time after the chilled shell was 
formed. Compare with Fig. 352. (Art. 
220.) [Adapted from Fuller, 1031, Am. 
Jour. Sci. (5) 21 j 287, Fig. 3.) 



Fio, 344.—A cavcliice collapse depression in a 
lava flow. The throat of the cavity is vertically 
grooved, and the angular blocks that fell from 
the oollapscd roof are now covered by stratified 
mud and silt. (Arts. 217, 221.) (Sketch by 


In an area approximately two miles 
long, near the terminus of McCartys 
Flow [New Mexico), there are about 100 
collapse-depressions. The largest de¬ 
pression is nearly a mile long and in 
places as much as 300 feet w'ide, whereas 
the smallest is only a few feet in diame¬ 
ter. They may be as much as 28 feet 
deep. They are formed by the collapse 
of the roofs of lava-tunnels [Fig. 345). 

222. Wk/Vthered Upper Sur¬ 
face OF Flows. —If a flow is weath¬ 
ered to any extent before burial by 
new lava or by sediments, certain 
indicators of this interflow, or pre¬ 
burial, weathering period are pre¬ 
served at or near the top of the flow. 


B, R. Raiet tn Nichole^ 1938, Jour. Otology^ 46: 

608. Fig. 6.) 

The more common of these weathering effects are (1) weathering profiles 
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(2) decreased specific gravity, (3) interflow soil and forest beds, and (4) 
secondarily filled vesicles and cavities. 

223. Weathei'ing Profiles—Vnder intense and prolonged chemical 
weathering of basaltic lavas, the soluble alkalies, lime, and magnesia are 
lost to ground water, whereas less soluble silica, alumina, and the oxides 
of iron remain as a residue. The resulting residue is a combination of 
silica, hvdrated aluminum silicate, and the hydrated oxides of iron and 
aluminum. Under certain climatic conditions it is an iron-stained clay; 



Courtfsu of R. L. Nichole 


Fia. 345.—Sttmll collapse depression about 5 m, (15 ft.) acrosj^ in the Quaternary Mc(^artya 
New Mexico. The vejrotation in the foreground is rooted in the bottom sediment that is visible near in 
riRht edge of the picture. CollapsSe depressions of this kind arc commonly 61led with carbonaceous 
muds. (Arts. 217, 221.) (After Nichols, 1946, Bull. Geol. Soc. Am,, 67: 1064, Plate 6, Fig. 2.) 

under another set of conditions it will be a composite of the hydrated 
oxides of iron and aluminum with only a few per cent of silica; and under 
still other conditions it may be further simplified to a lateritic iron ore 
with low alumina and silica or a lateritic aluminum ore with low iron and 
silica content. 

In addition to the profound chemical changes produced by weathering, 
the primary rock may undergo other modifications. Spheroidal weather¬ 
ing is to be expected in the upper part of the profile and may be so exten¬ 
sively developed that the rock has the appearance of a giant conglomerate. 
If there is any appreciable thickness of soil, the amount of carbonaceous 
matter will decrease with depth below the upper contact. Weathering 
of the primary zone of reddening at the tops of certain flows may further 
intensify the red color because of the oxidation of primary ferrous iron 
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(Art. 240). The contact relations sho^^^l by the residual deposit should 
therefore indicate which formation covers it and which is its parent rock 
(Fig. 346). 

Exposed and buried weathering profiles developed on ancient igneous 
rock have been reported from widely scattered places.^ Two good 
examples are the lateritic iron ores of Cuba, developed on serpentine 
[Leith and Mead (1915)] and the recently discovered ferro-aluminous 
laterite of Oregon, developed on Columbia River basalt [Libbey, Lowry, 
and Mason (1945)]. Tomkeieff (1940:97), in describing a series of 
basaltic flows near Giant's Causeway in Ireland, states that “each flow as 
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Ho. 346.--WeatheriiiE profiles. ^1. Diagram showinj; residual soil rc-stinR upon spheroidally weathered 
Bourco rock, ^vcral spheroids are outlined in the solid rock but have not yet become separated from it. 
Other concentrically weathered bouldcre lie in the basal part of the soil mantle. The “soil” may be a 
ferruKinous or aluminous laterite with low silica content or a red kaolinitic clay. The carbon content of 
Iho «oiI w usually lughest m the upfMJr few centimeters, decreasing <iownwar<i quite rapidly. This 
general relutionship of residual soil to spheroidally weathered rock is especially characteristic of 
weathered basic igneous rock.s, B. Cambrian sandstone resting unconformably upon Archean granite. 
Iho ellipsoidaUiasscs outlined in the granite belong to a weathering profile develoi>ed before deposition 
of the «and. The ma.^cs are about a meter long. (Art. 223.) (B is tlighlly modified after Crosbu. 1899. 

Bull. Oeol. Soc. Am., iO: 14^151, Figs. 17-20.) i'. o" . 

a rule has a reddened upper surface, which when fully developed is com¬ 
posed of bole or laterite (interbasaltic zone)” (Art. 240). There is every 
reason to expect that extensive deposits of iron, aluminum, manganese, 
and certain other metals will be discovered along ancient unconformities 
as future exploration proceeds (Fig. 347). 

224. Decreased Specific Gravity in Weathered Zone .—Decomposition of 
the iron- and alkali-bearing minerals in the weathered zone at the top of a 
flow and subsequent removal of the soluble salts lower the specific 
gravity of the rock in the weathered zone. Powers and Lane (1917: 445) 
report this condition at the top of the thick Cape Spencer flow in Nova 
Scotia, and similar examples almost certainly occur elsewhere (Fig. 366). 

226. Interflow Soil and Forest Reds.—If lavas of interme(^iate and 
basic composition undergo prolonged weathering under the proper con- 

‘ Uith and Mead (1915; 25-44), Frasch<; (1941: 280-305), and Libbey, Lowry and 
Mason (1945). 





386 


SEQUENCE IN LAYERED ROCKS 




-/ *N v - r 





clitions, a considerable regolith of mantle rock and soil develops and this 
ultimately supports a forest of some kind. If such a soil and forest are 
buried beneath an advancing fion*^ or under a sheet of sediments, the 
order of events is usually clear from the obvious relation of the forest and 

soil to the underlying lava. Trees 
overwhelmed in position of growth 
are discussed in Arts. 162 and 233 to 
235 (see also Figs. 355, 358). 

Interflow soils and forest beds are 
to be expected in areas of intermittent 
volcanism, such as the well-known 
Amethyst IMountain section of Yel¬ 
lowstone Park (Fig. 293). Ancient 
soil beds are almost certainly present 
in the now greatly altered volcanics 
of the Pre-Cambrian and Paleozoic, 
but it is doubtful whether they can 
always be identified with certainty 
(Fig. 347). Intense metamorphism 
has done much to obliterate them. 
Inasmuch as their argillaceous nature 
made them more incompetent than 
the adjacent rock under shearing 
stress, they are almost certain to be 
the loci for interflow shear zones. 

226. Secondary Amygdules .—The 
vesicular upper part of many flows 
is made doubly apparent by the 
development of partial or complete 
amygdular fillings in the vesicles. Fillings of the first type have top and 
bottom significance and are discussed in Art. 219. Complete fillings 


Fio. 347.—Erosional and wcathcrinj' features 
aloni; interflow contacts. Tlie lowest flow 
was eroded and the deeper valleys partly 
filled w'ith alluvium before the second flow 
overwhelmed the surface. Then ensued a 
long period of weathering with little erosion 
during which a thick cover of residual soil 
dcvelof)ed on the second flow. The third 
flow* baked the upper part of the soil layer 
and itself developed a chilled basal zone. 
At one point (see the left side of the diagram) 
a channel w'as left in the surface of the flow, 
probably the result of a somewhat more fluid 
stream flowing on after the flanking lava had 
solidified. This channel, os well as the gen¬ 
eral level surface of the third flow*, was 
covered by the fourth flow. All these rela¬ 
tions and others that might be included may 
be observed in flow sequences in western 
United States and should be looked for in 
ancient metamorphosed sequences thought to 
be of flow origin. (Arts. 216, 227.) 


^ Emerson (1916: 322) years ago reported peculiar cylinders of scoriaceous diabase 
in the normal Holyoke (Massachusetts) diabase and considered them to have an origin 
associated with the overwhelming of trees, citing as a similar example the burial of 
trees by lava in Hawaii. 

I have also seen at Kilauea a hollow tube in the lava 4-5 inches in diameter and perhaps 
a foot deep where tho liquid lava had surrounded a small tree and became solid so quickly 
that the trunk on burning or rotting left a cylindrical cavity. A second scoriaceous flow 
might have filled this hole and made a result like that here described. 

Alford (1937: 146—147) describes a locality in Oregon, where geologically recent 
lavas, as much as 6+ m. (20 ft.) thick, overwhelmed a pine forest, pushing over some 
of the trees and leaving others erect. The sap in the trees chilled the surrounding lava 
so that the cylindrical cavities left after the woody tissue had burned or rotted away 
show a chilled periphery. 
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made by ground water during an interflow weathering period are not 
hkely to be of any use in determining the top of a flow. Ground water 
however, may bring into the partly filled vesicles the mineral substance 
^\hich now constitutes the upper part of a composite amygdule (Art. 198). 

227. Erosional Features of Flow Surfaces.— If considerable rain 
accompanies the extrusion of a lava flow or if the surface of a flow is sub¬ 
jected to prolonged weathering and erosion, any surficial ash deposits are 
likely to be blown or washed away. Furthermore, the fragmental or 
scoriaceous upper part and even the dense middle portion of a flow may 
be eroded into a surface of considerable relief (Art. 216). The crevices, 
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thought to hovo been formed in a Keweeiiawan lava flow by 
thermal contraction. The Bed.ment. derived from the eroaion of neighborinK nrcaa. waa w^hed into 
the crevicM and stratified. Since stratification in the dike material is parallel to the dip of the tilted 

fhe UDiir 3^4 m were filled before tilting. The crevice fillings generally are confined to 

the upper 3 or 4 m. of the flow, but large ones may extend downward several times that distance A 
Cr^ section of two flow, showing relations of crevice fillings to overlying amygdaloid conglomerate in 
a Kowoonawan flow. B. Diagram showing crevice fillings in tilted flows. (Arts 214 2‘’7 ) (A 
m0dxfiedafttrFcckler,mi.Jour.Gtolo0u.*9:5&4.Fii,.i. B diavrammctic.) 2-7.) U 


channels, and valleys so produced may then be backfilled with new lava 
or with sediments transported from the land or deposited from super¬ 
jacent water (Figs. 317, 347). Since the contact of the eroded flow and 
covering rock is unconformable, the true order of succession should be 
readily obvious.^ Not so obvious, however, may be the origin of the 
original crevice or channel (Figs. 348, 349). 

Conglomerates, sandstones, and shales commonly separate lava flows, 
indicating that sufficient time elapsed between flows for weathering to 
produce a residual regolith or for wind and water to bring in a transported 
regolith. Residual regolithic sediments—boulders, pebbles, sand grains, 
and soil particles—reflect in their lithological and mineralogical charac- 


* Crevices produced by weathering and erosion and later backfilled by new lava or 
with sediments may bo difficult to distinguish from similar openings due to thermal 
contraction [Fackler (1941: 550-556)] (Art. 214) and to rupture during the formation 
of pressure ridges (Nichols (1938: 610)] (Art. 211). This is very likely to be so in the 
more ancient volcanic rocks that have been folded and metamorphosed (Fig. 348). 
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teristics the nature of the original flow from which they were derived 
{i.e.f the underlying flow). Even if successive flows are similar lithologi¬ 
cally, the sharp upward termination of the regolith against the later flow 
and the downward gradation into the solid rock of the parent flow ought 
usually to indicate the order of succession (see Art. 223.) 

The relations between alternating flows and conglomerates are well 
exposed along the scenic Columbia River highway between Portland, 
Oreg., and the sea and are likely to be complex (Fig. 349), Similarly 


Fio. 349.—View of a Columbia River basaltic flow that was eroded before burial by sediments. 
V-shaped depressions are filled wdth red silt in which the bedding planes sag downward. The over >inc 
gravel consists entirely of basaltic boulders. The hammer showm at the point of the deepest depressJ^ 
indicates the scale. The photograph was taken along a tributary of Columbia River a few miles wes 
Longview* Wash. (Art. 227.) 

complex relations have been reported from the late Pre-Cambrian Keween- 
awan flows by Butler and Burbank (1929: 17-47), from Alaskan flows 
and interbedded shales by Capps (1915:45-51), and from a similar 
sequence in Glacier National Park in Montana by Burling (1916:235 
-237). Additional examples are well knovna in the Triassic sequences of 
the North American Atlantic seaboard and probably are common on 
other continents. All these occurrences have in common certain features 
produced by lava flowing onto and over sediments and another group o 
surface relations produced by burial of weathered and eroded surfaces o 
some relief.^ Careful study of contact relations usually makes it possible 
to determine the top or bottom of the flow (see Art. 194). 

^ Crevices and other depressions extending downward into a lava 6ow commonly 
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228. Features in Basal Part op Flows— The distinct differences 
between the upper and lower surfaces of lava flows are discussed in Arts. 
194, 196, 197, and 201. Here we shall consider features that are common 
in the basal part of flows and others that were formed in the substratum 
as a result of being covered by hot lava. 

229. Inclusions of Sediment and Country Rock .—Lava flows commonly 
have basal inclusions of many kinds of material obviously derived from 
the substratum.^ Such inclusions, commonly sedimentary in composi¬ 
tion, must not be confused with the fragmental material formed from and 
at the same time as the lava flow itself. 

As lava advances across a surface, either subaerially or subaqueously, 
it may, if its viscosity is favorable, flow into concavities and around and 
over irregular prominences, thus making a fairly smooth contact with the 
surface.^ Again, it may plow up soil, sand, and gravel and roll over and 
over large blocks of the regolith, ultimately incorporating some or all of 
the disturbed materials in its basal part.^ Lava extruded subaqueously 
is likely to incorporate some of the soft and unconsolidated sediments in 
its basal part. Since these sediments may contain shells and other 
animal hard parts, the flow may become fossil-bearing and its time of 
formation may be fairly accurately fixed (Art. 233). 

An advancing sheet of lava may cool enough on the surface for a crust 
to form, and this crust, impelled forward by the continued motion of the 
lava beneath, is fragmented. Some of the blocks thus formed may roll 
down the advancing front and come ultimately to rest on the substratum, 
where they are buried by the passing flow. Although this is a common 


are filled with sediments, new lava, etc., but such bodies would show’ by their relations 
to the underlying lava and their lack of thermal alteration by the adjacent lava that 
they had been emplaced after the flow had solidified and cooled (Arts. 213 to 215). 

* It is w’orth w’hilo to note hero that, w’hereas fragments of the substratum maj' be 
included in a flow’, fragments from the overlying rock cannot be. In contrast, sills 
and flat dikes may contain inclusions from either sub- or superstratum, and apophyses 
of a sill or veinlets from a dike may penetrate either wall [see Billings (1942: 263^.)). 

* Substratal materials are likely to be baked by the hot lava, as described and 
illustrated by Stearns (1942: 870) and Bailey el at. (1924: 116) (Fig. 360 and Art. 237). 

* Emerson (1905: 93) described how Triassic basaltic lavas, flow’ing over muds and 
sands, broke through the bottom cnist and churned the substratal materials into a 
confused mass; Capps (1915: 45-51) describes how recently formed ellipsoids, rolling 
down the front of an advancing subaqueous flow, plunged into the soft bottom muds 
and squeezed these same muds upward into the interstices betw’een the crudely piled 
ellipsoids; and Fuller (1931: 287, Fig. 3) illustrates an ellipsoid that became incor¬ 
porated in the mud of the substratum in this manner. Burling (1916: 237) records 
similar displacement of underlying mud at the base of ellipsoidal lavas in Montana. 
The same phenomenon may be observed around the base of El Parlcutin, the recently 
active volcano in Mexico (Fig. 350), and many other examples could be cited. 
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phenomenon in recent flows, there seem to be few references to ancient 
lava flows having such blocks in the basal part. Butler and Burbank 
(1929:27) state that “in the Michigan [Keweenawan] lavas no such 
fragmental material is consistently present at the bottoms of the flows.” 

Finally, lava may enter cracks and crevices in the underlying rock 
floor and, by a kind of quarrying action, excavate large blocks of the bed¬ 
rock and rotate them into all sorts of positions within the basal part of the 
flow. Masses of Cambridge slate, as much as 10 m. across, lie with 



Courtesy of R. L. NiehoU 

FiQ« 350»—View of & l&VA flow advancing over an ash-covered surface near El Paricutin, southwestern 
Mexico. Under conditions like these the flow commonly disturbs the surface materials over which it 
moves, causing overfolding, thrusting, sag bedding, and general churning of the unconsolidated ash. 
The churning results in an intimate mixing of ashy materials with the basal part of the flow. Such a 
relation of ash and lava would not be present at the top of a flow. (Arts. 228 to 230.) 

random orientation in the basal part of the Carboniferous Brighton flows 
in Allston, Mass. (Fig. 351). They appear to have been excavated and 
buried in the manner just described. A second example is found at 
Vinegar Hill in Saugus, Mass., where the Lynn volcanics contain blocks 
of granite as much as 4 m. (12 ft.) in greatest dimension and large quanti¬ 
ties of arkosic material originally derived from weathering of the same 
granite. These included materials, lying as they do in the basal part of 
the volcanic sequence, indicate that the lava flowed over a surface of 
weathered granite and plowed some of the surficial material into its basal 
part [Clapp (1921:64)]. Similar occurrences have been reported from 
many parts of the world in rocks of all ages. 
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It is unlikely that inclusions of foreign, or country, rock would be 
present in the upper part of a lava flow and not also in the lower. Talus 
fragments and blocks ripped from cliffs might fall onto and sink into a 
flow, but such cases are probably not common. 

After a flow has been weathered, zones of inclusions are likely to be 
very conspicuous because of projecting blocks, which are more resistant 
that the enclosing flow rock, and large irregular cavities produced by the 
decomposition and removal of masses less resistant than the surrounding 
volcanic rock. 

230. Deformed Materials Overridden by Flows—VncousoVidnted mate¬ 
rials overridden by a lava flow are subjected to abnormally high pressures 



^o. 361. IncluBions of Carboniferous Cambridge slate in the basal part of northward-dipping Brighton 
now in Airaton, Maw. IncliiHions do not api>car north of the portion shown by the heavy dashed line 
for the layer in which they are embedded passes under a younger part of tlie flow. The blocks of elate 
rnoasiiring from 1 to 6 or 6 m. across, are tilted in every direction. It Ls believed they were torn loose 
from the rock floor over which the lava advanced. A pontlava dike, probably of Trioasio ago. cuts both 
elate and lava. (Art. 229.) (Sketch, which ie dwfframmalic, baaed on outeropa in the Altaian plai/ground.) 


and temperatures and as a result undergo deformation and alteration of 

several kinds. There usually is no difficulty in distinguishing between 

such deformed and altered materials and those of similar lithology over- 
lying a flow. 

In the vicinity of presently active volcanoes (e.g., El Paifcutin in 
Mexico) intensely deformed ash and tuff deposits may be observed 
beneath recent lava flows (Fig. 350). Folding, thrust faulting, and 
general contortions are everywhere in evidence in such deformed mate¬ 
rials. Capps (1915:49) described a somewhat similar situation on 
Prince William Sound in Alaska, where soft mud was squeezed into the 
basal ellipsoids of a lava. 


The presence of this sedimentary material in the cracks of the fractured 
ellipsoids can be satisfactorily explained only by assuming that the bed of mud 
upon which the lava was extruded was at that time soft and plastic, and that 
upon the cooling of the lavas, and their cracking from shrinkage as they chilled. 
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the weight of the lava bed forced the soft mud from below up into the cracks as 
fast as they were opened. 

Certain Triassic flows of New England have prominent basal inclu¬ 
sions of argillaceous rock, which have been interpreted as muds first 
deposited on top of a moving flow and later carried forward and rolled 
under to be incorporated in the basal part of the flow [Emerson (1897; 59 
- 86 )]. 

Many similar examples could be cited if the discussion warranted, 
showing that the phenomenon is common. 

231. Cross-bedded Flow Breccias. —An unusual feature of brecciated 
lavas is a crude type of cross-bedding reported by Fuller (1931a: 281-300; 



Substratum 


Fia. 352.—Foreset-bedded flow breccia. Traced upward, the diagonal tongues of lava merge into basal 
extensions of the overlying 0ow. Two partly hollow spheroids are shown. After these rolled into place, 
the internal 6uid sought its level within the chilled shell and a planoconvex cavity was left in the upper 
part (see Fig. 342 and Art. 220). [Diagram is based on a description by Fuller ( 1931 : 281-300) of a 
Columbia River basaltic flow.\ (Art. 231.) 


1934:311-320) and Hoffman (1933: 184-195; 1934:320-328) from the 
Columbia River lavas of central Washington. Hoffman (1933:189) 
states that “at a number of places the stringers and rows of pillows are 
arranged more or less parallel to each other and give the flow a rude, 
cross-bedded appearance.” This feature should not be mistaken for true 
bedding in a pillow lava [see Wilson (1941:18-19)]. One character¬ 
istic to be noted is the fact that some of the inclined and elongated pillows 
are joined to the base of the overlying flow (Fig. 352), indicating that they 
represent forward extensions of the lava do^^'n the foreset slope. 

232. Spiracles, Vesicidar Masses, and Bubble Aggregations. —Molten 
lava flowing over wet sediments or growing vegetation traps the gases 
driven off from the substratum as a result of the sudden elevation of tem¬ 
perature. These gases are forced upward into the viscous lava for some 
distance and form several distinctive vesicular structures in the basal 
part of the flow. 
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Spiracles are irregularly walled tubular cavities that rise into the basal 
part of a flow from underlying sediments. They are formed by gases 
released during the burial of wet muds and sap-filled vegetation. In 
many flows mud flakes and carbonized wood are found enclosed in the 
roughened walls of the tube (Fig. 353). Fuller (1931a: 299-300) describes 
and illustrates spiracles in the basal part of certain Columbia River 
basaltic flows. These extend upward from the base of the flow for a 
distance of 3 to 6 m. (10 to 20 ft.). 



Shrinkage 
'^’^cracks an 
Joints 



353 . F,q, 354, 

^o. 353.—Spiracles in the base of a lava flow overlying argillaoeoiis sedimentary rock. Theae are 
formed by giues that rise into hot fluid lava as it flows over damp sediments or sa|>-fiIlod voi^ctation 
Mud flakes and carbonized wood are conunonly embedded in the irreicular walls of the spiraclcr and the 
^iracie itself was filled with mud forced upward into the viscous lava alons with steam and other gases. 
When exposed to weathering, spiracles usually np|)ear as irregular cavities because of removal of the 
easily weathered sedimentary material. Spiracles may extend into the lava several meters and mav be 
quite clc»ely spaced. (Art. 232.) [Skeleh adapted from Fuller, 1931, Am. Jour. Set., (6) 21: 299. >i(/. 
13.1 


Fio. 354.—Balloon-shaped vesicular body about a meter in diameter in the base of a basaltic flow. The 
feature formed in the base of a flow as the hot lava advanced over carbonaceous muds containing wood 
and other vegetation. Steam from the mud and gases from the destructive distillation of the plant 
matter were forced upward into the plastic lava, causing the balloon-shaped vesicular mass to form. 
Chunks of sediment and fragments of carbonised wood were carried upward with the gases and mixed 
with the vesicular lava in chaotic fashion. The mass as a whole is less resistant to weathering than the 
enclosing flow rock, so that the weathered exposures are marked by large cavities where the vesicular 
material has been removed. {Art. 232.) (Sketch based on suogeaiian by R. L. Nichole.) 


[They] invariably are at least partially filled wth the light-colored basal 
sediments, which quite commonly contain fragments of carbonized wood. In 
fact, similar fragments have been found actually incorporated in the flow. At 
intervals of 1 to 2 feet, these vertical cavities locally exhibit horizontal marginal 
extensions 1 to 4 feet long. Between these embayments the lava forms a succes¬ 
sion of rounded surfaces that suggest segments of pillows. 


Dr. R. L. Nichols has called the attention of the author to an unusual 
vesicular feature he has observed in the base of flows that were extruded 
onto muds containing wood. Steam from the mud and gases from the 
destructive distillation of the entombed wood ascended into the base of 
the plastic lava and formed there a balloon-shaped vesicular mass con- 
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taining chunks of sediment, fragments of carbonized wood, and vesicular 
lava mixed together in confused fashion. These masses are made con¬ 
spicuous because they weather readily into prominent cavities (Fig. 
354). 

Other vesicles o\nng their origin to gas bubbles rising into the lava 
from the substratum are discussed in Art. 200. 

233. Lava-enveloped Trees and Other Organisms .—Some lavas of 
recent formation contain certain unusual features formed as the result of 



Fio. 355.—Diagram showing features produced by a lava flow overwhelming a forest. On the surface 
of the flow two floating logs are burning. They will probably leave their imprint in the crust that has 
formed about them. At the extreme left is a large tree mold Im with a lava tree U above the surface. 
The latter indicates that the lava flowed from right to left. Within the flow are tree molds with different 
orientations, and in about the middle is an unusually large mold into which secondary lava is dripping 
from a rupture m the encircling shell. The original tree mold thus becomes a partly filled cylindrical 
cavity, the flat surface of the filling indicating the upward direction in the flow. Stumps and prostrate 
logs lie at the base of the flow where the lava overwhelmed them, and root molds rm extend from the 
sturnps into the underlying soil. The soil is baked for some dUtance downward from its contact with 
the lava. The stumps and logs have hardened lava shelb that were produced by the chilling action of 
steam and other gases escaping from the sap-filled wood. The soil surrounding the stump bases and 
roots was baked as the wood burned out. Some tree molds contain carbonised wood—the unconsuniccl 
residue from the original tree. This is particularly true of stump molds. (Arts. 234, 235.) (Sketek 
ba$ed on suffQtstions by R. L. Nichoh.) 

molten lava invading a forest (Figs. 293, 359) or flowing over shell-bearing 
unconsolidated sediments. In the first case, cylindrical sheaths are 
formed about the trees and later, when the tree itself has disappeared, 
constitute tree molds’ and “lava trees.” In the second case, moving 
lava churns the unconsolidated sediment into the basal part of the flow. 
In this way shells and other organic hard parts become fossils in the base 
of a lava flow. 

234, Tree Molds. Lavas that invade forests and surround scattered 
trees affect the trees in different ways. The sap, driven out by the 
excessive heat of the lava, causes a shell of chilled lava to form around the 
tree, which may burn or later disappear through decay. ^ The resulting 
cavity is called a “tree mold.” 

Trees buried in situ give essentially erect molds, which are rooted in 
the substratum and may extend through the entire flow' to become a 

* See Emerson (1916: 322) and .\lford (1937:146-147). 
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“lava tree” at the surface (Art. 235; Figs. 355, 358, 359). Logs and 
limbs broken off by the lava may be buried near the mother stump or 
rafted along for some distance. Upon disappearing by burning or decay 
they leave molds with random orientation that have no top and bottom 
significance (Figs. 355, 356). The molds may be filled later with new 
lava or with introduced mineral matter, if open to the surface or in con¬ 
nection with it by joints and crevices, or with detritus washed and blown 
in from the surface. The lava may be too stiff to make any adjustment 
to the cavity other than to sag into it slightly (Fig. 356); if less viscous, it 
forms lava stalactites on the walls of the mold (Fig. 357); and if still 
more fluid, it fills the cavity partly or completely (Fig. 356). ’ In all cases 



1^0. 366.—Trw molds. A. A tree mold into which lava from the overlying flow sagged for a few 

7“ "ot fluid cnough to fill tho entire mold as in C. B. Lava staUctites on the 

^ I ^ ^ °‘®*‘** completely filled with lava from the second 

flow. E. Lava from second flow filling cylindrical depression originally occupied by a floating log. 

JuT ^ ® sediment before the second flow covered the area. (Art. 

234.) (Skeieh based on suaffsshons bu R. L. Nichols.) 


the contact relations of the two juxtaposed lavas should indicate clearly 
which is the younger and which the older. 

Mold fillings of surficial detritus should exhibit crude stratification, 
and the individual laminae should sag downward to some extent in many 
of the deposites. 

The top of a flow that has invaded forests and surrounded and 
engulfed trees should be determinable from observing the relations of 
erect trunks or their molds with reference to the general layering of the 
flow. The concavity of sandstone and shale laminae in filled molds 
should furnish corroborative data. 

236. Lava Trees .—As a lava flow overwhelms a forest, a shell of chilled 
lava forms around the upstream side of trees that remain erect, and after 
the flow has subsided a hemicylindrical tube of chilled lava, open on the 
downstream side, remains as a surficial projection (Figs. 355, 358, 359). 
These have been called lava trees and are common in the Lava-cast 
Forest of Oregon. Downward into the flow they become tree molds. 
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Lava trees are an unusual feature and have been observed so far only on 
recent flows. Under unusual conditions, however, they may have been 
preserved in ancient flows. 

236. Incorporation of organic hard parts contained in unconsolidated 
substratum. —If a lava were to flow over a substratum composed of uncon¬ 
solidated sediments containing shells, leaves, and other organic hard 
parts, it is likely that some of the sediment and organic debris would be 
churned into the basal part of the flow. In this way a lava flow could 
become fossiliferous, and the fossils would provide a means of determining 



CourUsy of a. ^ 

Fio. 357.—Lava stalactites on the wall of a tree mold in a flow in Lava-cast Forest 
The stalactites indicate the direction of graWty at the time when they were formed, and 
«t<u in a tree mold they indicate the general direction of the flow top. See Fig. 356B. U 


the age of the extrusion. Since it is not likely that fossiliferous sha es 
and sandstones would be churned into the upper part of a flow, it follo^ 
that contorted masses of sediment along one surface of a flow indica 
that that surface is the underside. , 

237. Baking of Underlying Maierial. —Unconsolidated sediments an^ 
little-indurated sedimentary rocks are likely to be baked along t 
contact with an overlying flow. Bailey et al. (1924: 116) 
massive sandstone that was baked through several centimeters a 
its marginal contact with a basaltic lava (Fig. 360). The baked 
developed a rude columnar jointing. Dr. R. L. Nichols informs 
author that he has observed similar rude columnar jointing m ® 
argillaceous sediment beneath Quaternary lava flows in New > 
particularly around tree molds (Fig. 358). 



FEATURES OF IGNEOUS ROCKS 


397 


Gray shale and other sedimentary materials containing ferrous iron 
Uke on a conspicuous red color when baked by contact with molten lava. 
Ihis reddening is caused by oxidation of ferrous iron to ferric. Red- 


Highesf level of flow 



Surface of flow 


Lava free 



mu So/1 Layer 


A B 

hio. 358.—Lava tree and relation to a tree mold. A. Section at right angles to the direction of flow 

LM A] 



CourUsi/ 0 / R, I, NichoU 

trees on a Quaternary flow in Lava-cast Forest. Oregon. A. Irregular, shoathlike lava 
tree with upstream side higher than the downstream. It becomes a tree mold below the surface Thn 

front in the area shown. B. Scmicylindrical lava tree passing downward into 

?k position was the pUiie marked by the 

top of the semicylmder. Compare with Fig. 358. (Arta. 233 to 235.) ^ 


topped argillaceous materials of the type just described are common along 

the Columbia River gorge and have been observed under Quaternary 
flows in New Mexico. 

Steptoes—hills of rock surrounded but not surmounted by lava— 
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commonly show a marginal zone of baking, and their stratigraphic 
relations together with this baked zone provide a criterion for determining 
the order of succession (Fig. 361). 

238. Cryst.\lliz.vtion Differentiation^ and the General Prob¬ 
lems OF Crystal Settling and 
Volatile Transfer. —Gravitational 
magmatic differentiation may be de¬ 
fined as that process of internal ad¬ 
justment between gas, liquid, and 
crystal by which the constituents of 
the magma seek and attain their 
respective gravity-determined levels 
by moving through the liquid. An 
ideally differentiated tabular body 
of igneous rock should have a 
chilled zone at both top and bottom 
margin, between which the main mass 
of rock should consist of a lower 
portion composed dominantly of dark- 
colored, heavy minerals, the crystals 
of which could sink through the liquid, and an upper portion com¬ 
posed dominantly of lighter colored minerals with specific gravities 
less than those of the lower part. The two chief portions of the differ¬ 
entiated body may be distinct rock types, rather sharply differentiated 
one from the other, or each may pass into the other by gradation. In 


I 111 I I I I 
2nci. flow 



Substratum of almost any kind of rock 


Fio. 361.—Steptoes—rock hilts surrounded by lava. The first flow was not thick enough to cover the 
two prominent hills, which were buried by the second. A zone of baking lies just below the base of each 
flow along the surface of the buried hills. The baking produced by one flow is probably indistinguish¬ 
able from that of another. See Fig. 360. (Art, 237.) {Sketch based on sxnjgestxons by R. L. NickoU) 

general, mafic minerals increase in amount from the upper chilled zone 
downward almost or quite to the lower chilled zone, and the felsic min- 

1 For comprehensive discussions of the general subject of differentiation, see Lane 
(1898: 106-151; 1911:79-83), Harker (1909), Fenner (1926), Bowen (1928), Tyrell 
(1929), and Daly (1933). For numerous aspects of differentiation in an ancient 
flow, see Broderick (1935: 503-558). 



Fig. 360.—A low sandstone hillock covered 
by a horizontal bedded Tertary lava flow that 
baked the rock for several centimeters 
inward. The baked margin is hardened and 
has a system of rude columnar joints. (Art. 
237.) {Modified after Bailey et of., 1924. 
Tertiary and poat^Tertiary geology of 
etc., Geol. Survey Scotland Mem,, p. 116. Fig, 
17.) 
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erals show reverse distribution.^ Under certain conditions, however, the 
systematic arrangement of minerals does not obtain, causing concentra¬ 
tion at some levels and depletion at others. Gravity-stratified sheets 
have many successive bipartite layers of two different minerals, which 
maintain constant stratigraphic position within the layer relative to each 
other. Some basic plutonic rocks have primary banding, which has been 
ascribed to rhythmic differential settling (Art. 247). 

In the early stage of differentiation volatile substances rise to the 
surface, causing slight concentration of iron oxides in the upper part of 
the body and strong oxidation of the iron near the surface. Red tops of 
flows are explained in this way (Art. 240). In the closing stages, liquids 
and gases rise to the upper portion of the body and there crystallize into 
felsic minerals or those with some volatile content. The latter commonly 
line vugs. Mobile residues of variable composition may produce pegma- 
titic schlieren and certain other features in the upper part of the mass, 
where most of the liquid remains [Broderick (1935:512-517); Walker 
(1940: 1093)]. 

That crystals heavier than the liquid around them sink to or toward 
the bottom of a magma was cited twenty years ago as a primary cause of 
differentiation [Bowen (1928); Tyrrell (1929:156)], and the investiga¬ 
tions of Bowen (1928) and others have established the importance of 
gravity differentiation in producing the mineralogical distribution men¬ 
tioned in the previous paragraph. Trommsdorf (1934:329-332) has 
even found magmas in which sinking and rising crystals caused a stream¬ 
ing of the groundmass crystals in their wake (Figs. 362, 363). Although 
there no longer is any doubt about the sinking of crystals in a magma, 
there is present disagreement on the extent to which the felsic minerals 
rise to the position they hold in a flow or sill. That some crystals do rise 
appears certain from Trommsdorf’s figures (Figs. 362, 363) and the 
reference of Broderick (1935:505) to concentration of labradorite 
phenocrysts near the top of Keweenawan flows in Michigan,^ but general 

* In order to determine whether or not crystal fractionation produced a progressive 
change in the constituent minerals, Lund (1930: 540) investigated a 170-m. (556-ft.) 
basaltic flow (Cape Spencer) in Nova Scotia and found “ . . . a noticeable enrich¬ 
ment of pyroxene . . . just below the middle (median plane of flow] and an even 
more striking enrichment of feldspar . . . above the middle part of the flow." 

Chapman (1936:33-57) studied a 336-m. (1100-ft.) differentiated diabase sill to 
determine whether there was any variation in the nature of the feldspar twinning with 
change in rock composition. She found that, whereas the type of twinning remained 
the same with change in rock composition, there was a statistical increase in the 
number of twins with increase in basicity or anorthite content. The feldspars ranged 
from An7» to Ann. 

‘Broderick (1935:505-506), however, does qualify the significance of this con- 
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opinion seems to favor the conclusion that rising of crystals is not so 
important as sinking in gravitative differentiation. ‘ 

Differentiated flows and sills have been reported from many parts of 
the world—Daly (1933; 333-344) lists over 50 examples—but differenti¬ 
ated dikes seem to be rare [Quinn (1943:272-281)]. Certain features 
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Fio. 362. Flo. 363. 

Fio. 362.—Streaming of tiny groundmass feldspar crystals in the wake of a large, sinking plagiocl*** 
crystal. The tiny laths are crowded together under the settling crystal and stream around its extreni- 
itiM to arrange themselves in more or less parallel fashion in the wake. Other plagioclase cr 3 ^tals sm 
visible at 9 and 11 o'clock, and a sinking pyroxene crystal b partly vbible at 1 o’clock. Compare with 
Fig. 363. Art. 238. {After Trommadorff, 1934, Nalxtrxciaaenaekaften, 22 : 330, Fig. 1.) 

Fio. 363. Magnified thin section of a leucite basanite from Vesu^dus showing a pyroxene cr>^^ 
arrested in its downward path, after causing feldspar laths to pile up ahead and to string out alongaia®- 
and a leucite crysUl arrested in its upward path after causing a similar concentration of feldspar laths- 
Compare with Fig. 362. (Art. 238.) {After Trommadorff, 1934. Naturmaaenaehaften, 22: 331. Fig. 2-) 


of differentiated t>abular igneous bodies are useful in determining top 
bottom and will be considered in the following sections. 

239. Concentration of Glass and Magnetite at the Top and Bottom of a 
Flow. Thick flows commonly show a marked concentration of glass 

centration as follows: “This would seem to be a case of crystal floating because of lo'^ 
specific gravity, although the possibility should be admitted that gas bubbles may have 
attached themselves to the phenocrysts and helped to lift them.” 

* Butler and Burbank (1929: 26) report a thin zone (a few centimeters to a meter 
thick) at the base of the upper amygdaloidal part of a Keweenawan flow where there 
are “ . . . abundant feldspar phenocrysts that collected by rising from the underly¬ 
ing lava,” but such concentrations do not seem to be common. 
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and in some cases of iron^ (magnetite, hematite, etc.)—in the top and 

bottom parts, the greater amount of each of these constituents being at 
the top (Figs. 364, 365). 

This concentration is well shown in the 170-m. (556-ft.) Triassic Cape 
Spencer flow of Nova Scotia, which has been described in considerable 


detail by Powers and Lane (1916: 540) 
and by Lund (1930: 547, 577), and in 
other flows of the Acadian Triassic 
[Powers (1916: 256-266)]. Similar 
concentration of glassy constituents, 
especially at the surface, can be ob¬ 
served in the plateau flows along the 
Columbia River gorge in Washington 
and Oregon. 

240. Red Tops and Variation in 
Iron in Upper Pari of Flows .—Lavas 
with red tops have been reported from 
recent and ancient volcanic sequences 
in many parts of the world. The 
color, often brilliant or intense, is due 
to the oxidation of the iron to hematite 
(which increases in amount and fine¬ 
ness of division upward) during the 
solidification of the lava. Butler and 
Burbank (1929: xi; see also 35-36), in 
discussing this feature of the Keween- 
awan flows of Michigan, state: 

The tops of nearly all the flows are 
distinctly red, and the fragmental tops arc 
decidedly red. Chemical analyses show 
that there is in general a steady decrease 



Fio. 364.—Diagram showing variation with 
depth in percentage of magnetite and gloas 
and of the minerals pyroxene and feldspar in 
the 556*ft« (170-m,) Triassic Cape Spencer 
basaltic flow of Nova Scotia. (Arts. 239, 
24 L) {Adapted from Lujid, 1930, Am. 
Mineralo(;i4t, 15: 647, Plait 1.) 


in the proportion of ferric iron and an 
increase in ferrous iron from the top of a flow nearly to the bottom. In the frag¬ 
mental flows there is also more total iron in the top—as much as 40 per cent 
more than in the compact portion of the flow. 

It is thought that the oxidation and concentration of the iron were accom¬ 
plished in large part by the gases given off by the lava during solidification. The 
evidence indicates that at the temperature at which the lavas emerged the 


* Broderick (1936: 505), in discussing the red tops of Keweenawan lavas, states: 
“In some cases this hematite not only is the equivalent of the normal iron content of 
the lava, but is much greater and represents an actual addition of considerable iron 
to the upper part of the flow by the ascending gases.'* 
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inclosed gases were either neutral or reducing in their action on ferric oxide, but 
as they cooled in their ascent through the flow they became strongly oxidizing 
toward ferrous oxide. 

This variation in the iron content of the upper part of a flow and in an 
entire flow is well illustrated by the following comparative tables from 
a report by Butler and Burbank (1929:35-36) (Fig. 365). 


Top of flow 



Per cent 

Fiq. 386.—Composilional profile of the Triassic Cape Spencer basaltic flow of Nova Scotia. Curves 
show variation with depth in the amount of glass, augite, feldspar, and the chief oxides. The flow has a 
total thickness of 656 ft. (170 m.). (Arts. 239, 241.) \AJler Lone and Povers. 1916. Am. InM. H*”- 
Eng. Trana., 61: 456, {Diacuanon following p. 455), Fig. 1.) 

Excellently exposed red-topped lava flows with little dip may be seen 
at many points along the gorge of the Columbia River between Portland, 
Oreg., and Longview, Wash., on U.S. Highway 30 and westward from 
Longview on U.S. Highway 830. Fuller (1939: 305) mentions the same 
feature in describing a late Tertiary basaltic flow in Steens Mountain, 
Oregon: “As is usually characteristic of the series, each flow had suflBcient 
fluidity to attain a relatively level upper surface, which locally shows a 
thin aphanitic coating superficially oxidized to a fairly brilliant shade of 
red.” 

For other references to red-topped lavas, see Bailey et al. (1924), 
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I. Iron Content of Upper 25 Ft. of 40-Ft. Unaltered Flow (Snake River Lava 

Plain) at Twin Falls, Idaho 
(H. C. Kenny, analyst) 



(H. C. Kenny, analyst) 



Flow') 

(H. C. Kenny, analyst) 



Bailey and Anderson (1925; 65/.), Butler and Burbank (1929; xi, 34-37), 
Richey and Thomas (1930; 51, 72), and Broderick (1935: 505/). 

Similar increase of iron oxide near the top of thick sills has been 
reported by some investigators [Walker (1940:1099)] (Fig. 373). 

241. Compositional Profiles Produced by Gravitative Differentiation .— 
The compositional profile of an ideally differentiated flow should exhibit 
in descending order 
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1. A surface chilled zone of vesicular rock having essentially the 
chemical composition of the original magma 

2. A zone of light-colored minerals of relatively low specific gravity 

3. A zone of dark-colored, relatively heavy minerals 

4. A basal chilled zone similar to (1), but much thinner 

Deviations from this ideal sequence obviously affect adversely the 

reliability of the sequence as a top and bottom criterion. Daly (1933; 333 
-344) discusses factors that interrupt or alter the ideal sequence and lists 
54 examples showing differentiation of some sort. 

The upward or downward movement of newly formed crystals in a 
la\a flow or in a sill and the subsequent concentration of certain minerals 
into gravity-stratified layers have been recognized and reported by sev- 
eial investigators. The heavier minerals—olivine, pyroxenes, and 
magnetite and more rarely calcic plagioclases—sink through the liquid 
lava, whereas the felsic minerals and quartz tend to rise. 

Lane (1897: 403-407; 1903: 369-384) long ago demonstrated gravita- 

tive differentiation by fractional crystallization and gravitative separation 

in the Keweenawan flows of Alichigan. It was shown that the feldspars 

weie concentrated in the upper part of the flows, whereas the heavier 

olivine and pyroxene were concentrated in the lower part (Fig. 365). 

A similar mineralogical profile is reported to be present in the 170-m. 

(550-ft.) Triassic Cape Spencer flow of Nova Scotia, where Powers and 

Lane (1916; 548) report “ . . . a concentration of the leucocratic, felsic 

constituents at the top of the flow; the melanocratic, mafic constituents 

at the base. The quickly chilled top and bottom of the flow show 

appioximately, when free from alteration, the original composition of the 
magma.” 

A special example of crystal settling was reported by Fuller (1931:190; 
19316:119; 1939:303-313) in a 10-m. late Tertiary basaltic flow in 
Steens Mountain, Oregon, where the upper third of the flow lacks 
olivine, whereas the lower tw'o-thirds show's a marked concentration 
(up to 30 per cent) of that mineral. The WTiter (1939:303) states: 

Late Tertiary basaltic flows in southeastern Oregon show locally a 
surface depletion and a basal concentration of olivine above a chilled 
basal zone containing scattered phenocrysts of that mineral.” This 
unusual situation is ascribed (page 312) to “ . . . gradual accumulation 
of the olivine phenocrysts at the base of a relatively stagnant flood of 
basalt, w'hich was being continuously augmented in depth by the advance 
of a very fluid surface lava.” 

A similar mineralogical profile has been reported from a number of 
thick differentiated sills, as pointed out in Art. 251. 

Reasoning that the fractionation just described should be reflected by 
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progressive change in the composition and properties of the chief con¬ 
stituent minerals, Lund (1930:540) reinvestigated the 170-m. (556-ft.) 
Acadian Cape Spencer flow and found “a noticeable enrichment of 
pyroxene . . . just below the middle [median plane of flow] and an even 

more striking enrichment of feldspar . . . above the middle part of the 
flow'’ (Fig. 364). 

242. Speciik-gravity Profile in Flows. 

As a consequence of the thicker zone of 
vesicles at the top of a flow (as com¬ 
pared with the thinner zone at the base) 
and concentration of the lighter min¬ 
erals above and the heavier below the 
median plane and finally because in 
thick flows there tends to be a do\\Ti- 
ward increase in the tenor of iron and 
calcium, it follows that the specific 
gravity of flow rock should be least at 
and near the top and should increase 
downward therefrom to within a short 
distance of the base of the flow (Fig 
366). 

Lane (1899; 15—18) found this grav¬ 
ity profile to be present in the 
Keweenawan lava flows of Michigan, 
and Powers and Lane (1916: 548), after 
investigating the same problem in the 
Triassic flows of Nova Scotia, con¬ 
cluded that specific-gravity determina¬ 
tions have “ . . . sufficient accuracy 
to be of much practical use.” Their 
graph is reproduced in Fig. 366. 

243. Textural Profile in Flows—The top portion of a flow crusts over 
quickly, particularly if in contact with cool air or under water, and the 
result is a chilled, glassy upper layer. The bottom margin likewise is 
chilled upon coming in contact with the cooler substratum, and a lower 
glassy border forms. The internal portion of the flow, on the other hand 
being more or less insulated by the glassy or very dense upper- and under¬ 
crusts, loses heat slowly and crystallizes into a rock of phaneritic texture 
If the flow is thick enough for differentiation to take place and if other 
conditions are similarly favorable, the resulting texture tends to increase 
in coarseness from the upper chilled border downward to a broad zone 
slightly below the median plane of the flow. This zone, which is rather 
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Fio. 360.—Specific-gravity profile of the 
Triassic Cape Spencer basaltic flow of 
Nova Scotia. The curves show variation 
with depth in specific gravity. The data 
on which the curves are based were secured 
by use of a Jolly balance, a two-arm balance, 
and a system of measurements. Each 
curve represents a different core. (Art. 
242.) (After Powers and Lane. 1916, Am. 
Inst. Afin. Eng. Trans., 64: 450, Fig. 4 .) 
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uniformly coarse-grained, grades downward with decreasing coarseness 
into the basal chilled border (Fig. 367). 

The following section through a 20-m. (6l34"^t-) flow is more or less 
typical of the usual textural profile. It is based on field notes and thin 
sections kindly furnished by Dr. Paul E. Auger and is used here by per¬ 
mission of the Quebec Bureau of !Mines. 

Flow in Southeast Corner of Township 209, Abitibi County, Province of 

Quebec 

(About 80 Miles North of Senneterre—L^t. 49®5'N.; Long. 77“30^20"W.)* 
Distance of Specimen 


from Top of Flow, Ft. Description of Rock 

0. Brecciated pillows; glassy 

5. Brecciated pillows; glassy 

10. Pillow lava; glassy 

15. Very good pillows; glassy 

20. Basic lava with flow lines and traces of pillows. Fine texture 

25. Massive basalt with minor fracturing. Fine texture 

30. Massive gabbro; no schistosity 

35. Massive gabbro; mineralization 

40. Massive gabbro; coarser 

45. Massive gabbro; coarser 

50. Massive gabbro; very coarse 

55. Massive gabbro; coarse but finer than overlying and slightly 

schisted 

60. Fine-grained andesite 

61K {bottom)... Very fine-textured breccia—acid 


• Dr. P. E. Auger, who described the flow and collected the specimens from which the thin sections 
were made, states in a letter to the author that the strike of the schistosity and of the flow is N.15“W., 
and the dip ranges from 75® northeast (top of flow is toward the east), through vertical, to an over¬ 
turned position with the flow inclined 80® to the southwest. The specimens were taken at ^ft. intervals 
(except for the two lowest) along a line trending N.75®E., hence transverse to the strike of the flow. 

The thin sections of the 14 specimens show a gradual coarsening in 
grain from the surface downward to within about 5 ft. of the bottom, 
where the texture changes rapidly to almost rhyolitic fineness in the 
chilled border. 

Queneau (1902:181-195), Lane 1898:106-151; 1902:393-396), and 
Powers and Lane (1916; 540-542), among others, have investigated grain 
size in igneous rocks, and the last-named report as follows on their 
investigation of the Cape Spencer flow, the textural profile of which is 
shown in Fig. 367 (page 542): 

IThe flow shows] a fine grain at the top of the flow, and a coarse grain at or 
near the middle, with apparently a sudden transition between the two. At the 
base of the flow it is almost impossible to tell what is the true grain, on account 
of the phenocrysts, but there is apparently another sudden change to a fine*” 
grain. 
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It is obvious from the above description, and the same may also be 
said of the Quebec flow, that the textural profile of a flow is only a crude 
top and bottom feature and should therefore be employed with con¬ 
siderable caution because of the several factors which may have modified 
the ideal cooling history of the lava. 


244. Jointing Variation in Flows. 
shrinkage cracks develop. These 
commonly have regular arrangement 
and outline columns with polygonal 
cross section. Such columnar joint¬ 
ing is common in both flows and sills. 
Some lava flows have a bipartite joint 
system, and since one type of jointing 
characteristically succeeds another in 
the same flow the order of succession 
provides a means of determining the 
top or bottom of the flow where it is 
steeply inclined. 

Nichols (1936: 618-619) states that 
the upper vesicular zone of flow units 
is crudely jointed and sheeted, whereas 
the lower part is massive. In a typi¬ 
cal unit, crude columnar jointing at 
the very top gives way downward to 
interrupted sheeting, which is pro¬ 
duced by thin, horizontally disposed 
spaces probably due to laminar ac¬ 
cumulation of gas bubbles arrested at 
certain levels (Fig. 327). 

Bipartite jointing is well developed 
in a series of flows exposed near the 
well-kno^vn Giant’s Causeway in Ire¬ 
land. In a recent article on these 


—As lava cools and solidifies, 



Size ofqniin.zq.mm. 

^o. 367.—Textural profile of the Triaasio 
Cape Spencer baaaltic flow of Nova Scotia. 
Curves show voriation with depth in Rrain 
sise of feldspar and augite. The average 
area of the five largest crystals of each min- 
eral is plotted, and the points connected by a 
continuous line for feldspar and a dashed line 
for augite. The area of the largest crystal of 
each mineral for each slide is also plotted, but 
the points are not connected. The curves 
show that the coarsest part of the flow lies 
slightly below the median horizontal plane, 
and the profile made by the curves is typical 
of many flow's. The profile, therefore, pro¬ 
vides a means of determining top and bottom 
in thick flows. (Art. 243.) (A/ler Powers 
and Lane, 1916, Am. Intt.Min. Eng. Trane., 
64 : 448, Fig. 3.) 


flows, Tomkeieff (1940: 96) characterizes the upper part, which he names 
the entablature, and the lower part, the colonnade, as follows: “(o) upper 
zone composed of closely spaced wavy columns or of thick vertical 


columns (pseudo-columnar jointing), or both. The uppermost part of 
this zone is usually vesicular and slaggy. (6) lower zone composed of 
regular vertical columns.” 


In a succession of flows with the sort of jointing just described, there 
should be no diflficulty in distinguishing the upper or lower part, particu- 



408 


SEQUENCE IN LAYERED ROCKS 


larly when there is an interflow lateritic soil layer separating individual 
flows^ (Fig. 368). 

246. Summary on Flows .—Many structures and features of lava flows 
have been described and illustrated so that the field geologist may have 
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Fio. 368. Jointing sequence in a succession of lava flows. Diagrammatic vertical section of the upper 
lavas in the sea clilT near Giant s Causeway. Ireland. The first, second, and third flows consist of two 
parts, (1) the lower zone, the colonnade, consisting of regular vertical columns and (2) the upper entabla- 
lure, consisting of an upper vesicular zone, an intermediate zone of short, thick blocks having a false 
columnar appearance, and a basal zone composed of curved, thin columns. The fourth flow apparently 
has been denuded of its entablature. The interbasaltic zones of lateritic soil are shown stippled. 
(Art. 244.) (A/ter Tomkeieff, 1940. Bull, volcanologique, (2) 6: 100, Ftp. 1.) 


them in mind when he is actually observing ancient volcanic rocks or 
collecting from them specimens which he intends to study later in the 
laboratory. Certain of the features are time-tested and are known to be 
reliable; others must be used wdth proper care and a regard for their 
limitations. Still other features have been observed only in recently 

» In a letter dated Aug. 1, 1947, Tomkeieff writes that "the ‘entablature-colon¬ 
nade’ type of lava structure is a verj' common one and there are many good example 
of this among the Snake River plateau lavas of the Western States.” 
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formed flows; these should be sought in the field and tested when found. 
Only in this way can their usefulness and reliability be determined. 

246 . Intrusive Bodies of Igneous Rock.—The principle of igneous 
intrusion —the rock intruded is older than the intruding rock —is one of the 
oldest and most widely used means of determining the age relations of 
contraposed rocks, and in some terranes the relations are such that it is 
possible also to determine the order of succession in associated sedi¬ 
mentary and metamorphic rocks. In addition, certain features within 
and along the peripheries of intrusive bodies may be useful in determining 
the top and base of the body 
itself. 

In the present discussion 
we shall consider the follow¬ 
ing aspects of intrusive igne¬ 
ous bodies: (1) marginal 
relations and internal features 
of batholiths and plutons, 
including unconformities be¬ 
tween eroded igneous masses 
and adjacent sedimentary 
rocks; (2) internal features of 
small tabular bodies intruded 
between sedimentary layers; 

(3) internal features of dikes. 

247 . Marginal Rel.\tions and Internal Fe.atures of Plutons.— 
Where margins or peripheries of igneous bodies can be examined, it is 
usually possible to determine which of the juxtaposed rocks is the older. 
If the contact is between igneous and sedimentary rocks, the problem 
usually is simple. If both contacting rocks are igneous, determination of 
younger and older may be difficult. The present discussion will be con¬ 
fined mainly to those relations which may be useful in determining order 
of succession in sedimentary and metamorphic rocks. 

An internal feature of plutons that might have top and bottom signi¬ 
ficance is the primary banding found in some basic plutonic rocks. 
Mineralogically dissimilar bands in certain bodies of basic rock are 
thought by Coats (1936:407) to have been produced by “ . . . simul¬ 
taneous crystallization and settling of two or more minerals in a magma 
lighter than any of them. By a process of rhythmic differential set¬ 
tling^ rhythmically alternating bands of differing composition may be 
produced.” 

This kind of banding, which may be repeated many times in a pluton, 
has top and bottom significance if the mineral sequence in successive 



Fio. 369.—Diajfram showinj; a shalc-Iiine^tone sequence 
invaded by granite. A postinvasion dike cuts both 
granite and sediments. The diagram can be considered 
a plan or a cross section. Zones of contact metamorphism 
usually extend some distance into the host rock from its 
contact with the invading rock. Compare with Fig. 25. 
(Arts. 32. 248.) 
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layers is consistent. Banded plutons of this type should be compared 
with the gravity-stratified sheets discussed in Art. 253. 

248. Intrusive Relations .—Certain features and structural relations 


are to be expected along the contact between an igneous body and a 
sedimentary (or metamorphosed sedimentary) succession (Figs. 25, 369). 
Xenoliths of sedimentary material may be incorporated in the igneous 
rock, and roof pendants with jagged margins may extend into the igneous 
body. There may be a zone on both sides of the contact in which both 
igneous and sedimentary rock have been changed somewhat in texture 
and mmeralogical composition. Finally, dikes of igneous rock may cut 
through hundreds of feet of bedding before ending abruptly against an 



unconformity. All these relations 
and others that might be mentioned 
serve only to prove that the sedimen¬ 
tary rock has been invaded by the 
igneous and is therefore the older. 
They do not indicate the order of 
succession in the sedimentary rock. 
That must be determined by other 


Fia. 370.—Dia^r&ni showing a shale forma- ni6&nS* 


mation resting unconformably on a granite 
that was intruded by a preahale dike. The 
contact between the two rock bodies is 
uneven, for the granite was weathered and 
eroded before the mud was deposited. Com* 


249. Unconformable Relations. 
Sedimentary rocks (and their meta¬ 
morphosed equivalents) deposited on 


pare with Figs. 25, 26, and 369. (Art. 249.) 


an erosion surface transecting plu- 


tonic rocks show no basal alteration from proximity to the igneous 
rock. They commonly contain boulders and smaller fragments of the 
underlying rock, and many fill crevices and depressions in the surface of 
the igneous mass. The strata may also first end abruptly against a 
prominence of igneous rock and then, at a slightly higher horizon, arch 
gently over the same feature (Fig. 370). Observations of contact 
relations usually can be supplemented by a study of regional relations, 
and in general the task of determining unconformity is relatively simple 
except where sedimentary rocks have undergone intense folding and 


metamorphism. 

260. Features and Relations of Sills. —Sills, sheets, and similar 
tabular bodies of igneous rock are formed by magma invading a flat-lymg 
or gently tilted sequence of sedimentary rocks between the beds. Hence, 
if the top or bottom of the invading body can be determined from some 

internal feature or marginal reIatio» it shows, the orderof succession of the 
sedimentary rocks should be obvious. Such a statement, of course, ignores 
the possibility that the sedimentary section was turned almost completely 
over before being invaded—a situation that would be exceedingly rare. 
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The following features are useful in determining the top or bottom of 
sills; 

1. A differentiated sill (i.e.y differentiation in situ of a magma which 
was homogeneous when emplaced) has a distinctive mineralogical profile 
in which mafic minerals, especially olivine and pyroxene, are concentrated 
in the lower part and lighter feldspathic minerals are concentrated in the 
upper part. 

2. A sill that was differentiated by crystal settling and gaseous trans¬ 
fer has minerals with volatile constituents {e.g., apatite, calcite, chlorite, 
hornblende, and zeolites) concentrated in a zone in the upper part of the 
body. 

3. Differentiated sills commonly have an upper zone of micropeg¬ 
matite and vugs, suggesting that gases and mineralizers migrated upward 
through the main body of the magma. 

4. Gravitational sorting may produce stratified sheets consisting of 
successive bipartite layers that are of dual mineralogical nature—each 
layer has mafic minerals at its base, grades upward into felsic minerals, 
and ends abruptly downward against the top of the felsic portion of the 
underlying layer. If the couplet is constant in the relative positions of 
the minerals and is repeated again and again, it can be used as a criterion 
of top and bottom. 

5. Differentiation may produce a stratified rock mass of dual litholo¬ 
gical character and density (e.g., a gabbroic lower layer and a dioritic 
upper). 

6. Xenoliths of rock lighter than the magma may float to a position 
in the top part of the sill. 

261. Compositional Profile in Sills .—If there is gravitative separation 
of the newly formed crystals in a cooling sill, the heavier mafic minerals 
sink toward the bottom, whereas the lighter felsic ones concentrate in the 
upper part of the intrusive. Likewise, the compositional variation in 
the same mineral, from bottom to top, is from higher to lower content of 
mafic constituents. This mineralogical profile is essentially the same as 
that found in thick differentiated flows (Art. 241). 

If such sills are folded or faulted into steeply inclined or overturned 
positions, the mineral profile outlined in the previous paragraph offers 
one good means of determining the top of the body. 

Lewis (1908: 155-162; 1908a: 129-134) years ago described differen¬ 
tiation in the Palisade diabase along the Hudson River, and Walker 
(1940: 1059-1106) recently published a comprehensive report on this 
world-famous example of gravitative differentiation, explaining certain 
features that heretofore have caused some confusion. He called special 
attention to the stratum of olivine diabase at the bottom of the sill. 
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Fio. 371*—Diagrammatic section across the Palisade sill of New Jersey, showing chilled border, bwal 
olivine layer, rafts of sediments, and textural profile. (Art, 251,) {After TPoiJfcer, 1940, BvO- OeoU Soe. 
Am., 51: 1066, Fig. 2,) 
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The top and bottom of the sill are chilled. There is an olivine-rich 
zone just above the chilled base, a concentration of augite above the 
olivine zone and below the median plane of the sill, and a concentration 
of feldspar above the middle. Throughout the sill as a whole, calcic 
feldspars predominate in the lower part, whereas the lighter sodic plagio- 
clase and orthoclase are preponderant in the upper part (Fig. 371). 

Emmons (1927:73-82) described a Pre-Cambrian diabase sill in 
Ontario that changes progressively from pyroxene gabbro in the basal 
part to pegmatitic quartz-hornblende diorite at the top. He explains the 
sequence as follows (page 82): 

The residual liquor of the magma, 
formed as crystallization progressed, 
tended to rise, aided by the mineralizers 
present. This liquor was of course high 
in silica and alkalies and therefore car¬ 
ried these substances upward with it. 

Progressively upward the liquor became 
more concentrated and crystals in con¬ 
tact with it approached equilibrium with 
it—hence the 'progressively more sodic 
feldspars higher in the sill. 

Merriam (1945:456-465) describes 
two gabbro sills with dioritic facies 
that intrude Eocene sediments in 
Oregon (Fig. 372) and show progres¬ 
sive changes in mineral composition 
similar to those described by Emmons 
(1927;73-82). 

A well-known differentiated sill is 

the Lugar sill in Ayr, Scotland, which, according to Tyrrell (1929: 
150-151), 

... is composed of ultra-basic analcite-bearing rocks in which an increasing 
abundance of olivine from top to bottom of the mass can be traced. The upper¬ 
most layer consists of theralite with 13.6 per cent, of olivine. This passes down¬ 
ward into picrite with 30.1 per cent, of olivine, and finally to peridotite at the 
base with 65.2 per cent, of olivine. . . . 

Some 50 other examples of differentiation in sills and sheets are cited 
from widely separated areas and abstracted by Daly (1933: 333-344) and 
Walker (1940: 1099-1104). 

The prominent increase in iron oxide in the upper third of the Palisade 
diabase and a less prominent increase near the base [Walker (1940:1099)] 



Density 


Fio. 372.—Density variation in tbe upper of 
two sills intruding the Eocene Umpqua 
sedimentary rocks near Ashland, Ore. 
(Arts. 251, 254.) {After Merriam, 1945, Am. 
Jour. Sci., 343 : 461, Fig. 3.) 
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show that distribution of iron in a sill is essentially similar to that in a 
thick flow (Art. 240; Fig. 373). 

262. Micropegmatiie and Vugs in Upper Partof Sills .—Micropegmatite 
is present in the upper part of differentiated sills, reaching 6 per cent by 
weight at the top of the Palisade diabase [Walker (1940: 1075)]. It is 
most abundant in the top of the Ontario sill described by Emmons 
(1927: 73-82) and exceeds 20 per cent in some parts of the upper zone of 

the Oregon sill described by Merriam 
(1945:460). 

Certain minerals with volatile con¬ 
stituents {e.g., zeolites, calcite, and 
chlorite) line sporadic vugs in the up¬ 
per part of sills that were gas-rich in 
the closing phases of crystallization. 
These are thought to have been formed 
possibly as a result of differentiation 
by volatile transfer [Merriam (1945: 
456)]. 

Pegmatitic schlieren are commonly 
present in the upper part of dif¬ 
ferentiated sills [Walker (1940:1092); 
Merriam (1945: 456, 460)]. They are 
explained as the result of local concentrations of volatiles that were 
expelled by crystallization. 

263. Gravity-stratified iSAecis.—Gravity-stratified sheets have the 
following general characteristics: (1) a relatively thin chilled basal zone of 
a composition intermediate between the extreme variations present 
above; (2) an ultrabasic segregate directly above the chilled facies; (3) 
a thick portion of intermediate composition that is more feldspathic or 
felsic than (2) and that, in its uppermost part, may be a granite; (4) 
alternating bands or layers of different mineral composition. 

The top or bottom of a gravity-stratified sheet can be determined 
from the order of succession of rock and mineral facies or from the 
gravity stratification within individual layers, which, in some sheets, are 
only a few centimeters thick. 

Typical examples of gravity-stratified sills or sheets are (1) the 
Bushveld complex of South Airica [Peoples (1936:356, 359-360)]; (2) 
the Diana complex of the Adirondack region, New York [Buddington 
(1936)]; (3) the Palisade complex of New Jersey [Lewis (1908); Walker 
(1940)]; and (4) the Stillwater complex of Montana [Peoples (1936)] 
[see also Daly (1933: 333—344)]. 

As an example of a gravity-stratified sheet, Buddington (1936:347) 


Fio. 373.—Graphs showini; MgO and 
FeO + FesOi plotted against height above 
lower contact of Palisade sill of New Jersey. 
(Art. 251.) (After Walker. 1940, Bull. Oeol. 
Soc. Am., 61: 1099, Fiq. 9.) 
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cites the Diana complex of the northwestern Adirondacks, which he 
describes as follows: 

. . . the border consists of a pyroxene-quartz syenite considered to be a chill 
facies similar to the primary magma (65 to 67 per cent SiOo), and this grades 
successively inward into pyroxene syenite (56 to 60 per cent Si02), locally with 
thin lenses of shonkinite (46 to 48 per cent SiOj), transitional pyroxene-quartz 
syenite (61 to 64 per cent SiOs), hornblende-quartz syenite (63 to 66 per cent 
SiOj), and finally into hornblende-quartz syenite and hornblende granite (66 to 
69 per cent Si02). Relics of country rock are practically confined to the granitic 
part and are interpreted as synclinal infolded portions of the roof. The reverse 
of the foregoing succession occurs toward the axis of an anticline in the foliation. 
There is locally in the shonkinite a banding of mafic and felsic minerals in layers 
as much as a few inches thick, whose positions relative to one another, if inter¬ 
preted as due to gravity sorting, suggest overturning of the limb of the fold, 
as do also the large-scale features and the general structure of the country rock. 

Inasmuch as the igneous complexes interpreted by Buddington as 
“isoclinally folded gravity-stratified sheets,” were previously interpreted 
as batholithic or stocklike intrusions, it follows, obviously, that if his 

hypothesisof originiscorrect,then,ashestates(1936:347), “ . . . many 

modifications in current interpretations of the early geologic history of 
the Adirondacks must follow.” He might well have generalized for a 
broader geographic area, for Peoples (1936: 353-360) points out, in an 
article immediately folloNving that of Buddington, that the hypothesis of 
gravity stratification offers a satisfactory explanation for the Stillwater 
complex of Montana. Because this complex is greatly different from the 
one described by Buddington in the Adirondacks, a brief description of it 
is added here [Peoples (1936: 353)]: 

The pre-Cambrian Stillwater complex of Montana consists of a norite (inter¬ 
preted as a basal chilled facies) on the south, adjoined successively on the north by 
ultrabasic rocks 2,500 feet thick and by banded noritic anorthositic facies. By 
analogy with the Bushveld complex, this arrangement may be interpreted as 
gravity stratification. The banding of the complex dips steeply, and the intru¬ 
sive, formerly interpreted as a dike, is here considered a sheet or lopolith tilted 
up on edge and locally overturned. In the banded zone many layers of norite 
and anorthosite alternate. The base of many of the norite layers is sharper than 
the upper contact, which is gradational into anorthosite through a gradual 
decrease of pyroxene crystals. The tops and bottoms of layers may be determined 

by a study of such features A 

_ » 

The bedding of the Cambrian sediments that rest on the eroded surface of the 
igneous mass is roughly conformable with the layering of the complex and shows 

* The italics arc those of the present author. 
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that the complex must have been essentially horizontal when erosion of its upper 
portion and deposition of the sediments took place. 

A thin layer of metamorphosed iron formation found near the base, except 
where cut out by later intrusive granite, is thought to represent the floor and is in 
general conformable with the complex. 

264. Density and Lithological Variation in Differentiated Sills .— 
Merriam (1945: 456-465) recently described two differentiated sills from 
Oregon that are composed of a higher density gabbroic lower part that 



0 100 200 300 400 500 600 700 800 900 lOOO 

Height oibove lower contact, feet 


Fio. 374.—Graphs showing amount of plagioclase and pyroxene and size of plagioclase crystals in the 
Triassic Palisade diabasic sill at George Washington Bridge in New Jersey. (Art. 255.) {After Walker, 
1940, BulL QeoL Soc, Am., 51: 1075, Fig. 6.) 


passes by gradation into a lower density dioritic upper part (Fig. 372). 
Geologic literature contains reports of other similarly differentiated sills 
in which the upper part is granite, the lower diorite or some other more 
basic rock; etc. Careful field work would be necessary to prove the 
existence of such a bipartite sill. 

266. Textural Variation in Differentiated Sills. —As a general rule the 
mafic minerals are coarser in the lower part of a differentiated sill, where 
they are typically concentrated, whereas the lighter felsic minerals show 
greatest grain size in the upper part of the sill. Walker (1940:1075) 
found this to be the case in the Palisade diabase (Fig. 374), and the same 
textural profile has been reported by certain other writers. 

266. Xenoliths in Sills. —One of the thicker sills intruding the land¬ 
ward-tilted Cambrian strata on East Point, Nahant, Mass., has sev- 
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eral granite boulders 25 to 30 cm. (a foot or so) in diameter near the 
upper margin (Fig. 375). These foreign rocks are believed to have been 
torn loose from the underlying basement and carried upward by the 
invading magma, coming to rest near the top of the sill, to which position 
they had floated because of being lighter than the magma. How useful 
this feature might be in determining the top of a sill is uncertain, but it is 
one that should be looked for and tested in the field. It should be empha¬ 
sized that blocks of wall rock caught up in the sill must not be confused 
with obviously foreign rocks of the basement. 

267. Internal Features of Dikes. —Flow structure, in the form of 
lunate bands convex in the direction of flow, are preserved in some dikes 



Ro. 376.—laclusions in a siU. The westward-dipping Cambrian argillites are intruded by a 3-m fO-ft) 
bMic Sill that has three small granite inclusions 0.2 to 0.3 m. in diameter near the upper boundary. 
Th^ are believed to have been torn t<^c from the basement rock by the rising magma and to have been 
fluted up to their prwent pMition. Being lighter than the magma they floated toward the top of tho 

/ill “• exposures on East Point, Big Nahant, Mass. 

(Arts 25o*) 

and indicate which way the invading magma moved.^ Such dikes, 
transecting lava flows and sills, have been reported from a few localities! 
If it can be demonstrated that the intrusion of the dike was essentially 
contemporaneous with the outpouring of lava or invasion of magma and 
that the dike material moved upward rather than laterally, the flow 
structure mentioned above could be used to determine the top of the 
invaded flow or sill. This feature needs a rigid test to determine whether 
or not it is worth anything for top and bottom determination. 

Powers (1915. 1—10, 166—182) reports several examples of inclusions 
that were carried or floated upward in dike magmas for hundreds to 
thousands of meters, but he also found some inclusions that had been 
carried downward. It does not seem likely, therefore, that inclusions can 
be used with confidence to determine direction of movement of dike 
magmas. 

* See Nevin (1042:172,Fig. \2\B). The author has observed lunate flow structure 
in thin lamprophyre dikes cutting Silurian and basement rocks on New World Island, 
Newfoundland, and the feature is probably common in certain types of dikes. 
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Belyea (1935: 154-155), in listing top and bottom criteria, states 
that “the inclination of a pegmatite dyke may be recognized. When the 
dip is inclined the coarse crystallization favours the hanging wall, and 
when the dip is vertical the coarse crystallization is in the centre.” 
This textural feature may be useful not only in determining the original 
attitude of the dike, and under certain conditions the top of the invaded 
sequence, but also in showing whether or not the dike has been tilted to 

any extent since its crystallization. 

If thick dikes gently inclined at the time of crystallization undergo 
differentiation, they should exhibit some of the same effects of gravitative 
separation of minerals as those in differentiated flows (Art. 241) and sills 
(Arts. 250 to 255). Quinn (1943:272-281) reports one such example 
from the Triassic terrane of Rhode Island. A 20-m. (65-ft.) granodiorite 
dike, with a south dip of about 28°, shows a systematic increase in the 
heavy mineral content from south to north (f.e., from top to bottom). 
Attention is called to the fact that the heavy minerals are especially 
concentrated in a dark zone along the base and seem to fill shallow 
depressions in the slightly irregular floor. Quinn ascribes this unusual 
distribution of heavy minerals to crystal settling because (page 280) “the 
minerals which are concentrated toward the base are heavier than the 
magma of granodiorite . . . and crystallized early in the solidification of 
the rock.” 



CHAPTER VII 

FEATITRES OF METAMORPHOSED ROCKS 

268. Introduction.—Most metamoiphosed rocks, even though they 
have undergone intense alteration, retain some features and structures 
inherited from theii’ predecessors.^ Leith (1923a: 288) states: 

Rarely does the deformation of rocks go so far as to destroy beyond the 
possibility of reconstruction, the main outlines of formations, their thickness, 
continuity, field relations, or even some of their textures. A formation may be 
thickened or thinned by folding and flowage, and it may be much fractured and 
faulted, but it is usually possible to get some idea of its original morphology. 
Even deformation as extreme as rock flowage, producing schists, does not always 
destroy evidences of original structures, like bedding, or ellipsoids, or amygdules.” 

Such inherited structures include textural variations (varves and 
graded bedding), ripple marks, inorganic and organically produced 
imprints, mud cracks, scour-and-fill structures, cross-lamination, features 
produced by penecontemporaneous deformation, and fossils and organic 
structures in original sedimentary rocks; textural gradation in ash and 
tuff deposits, vesicular and fragmental flow tops, pillow lavas, amydgules, 
chilled borders, and occasionally other less common features in original 

* A case in point is the greatly metamorphosed Pre-Cambrian Vishnu schist of the 
Grand Canyon. Recently this highly altered rock has been shown to be derived from 
a sedimentary clastic formation, for it contains well-preserved cross-lamination and 
lenticular bodies of what were once lenses of quartz sand. Campbell and Maxson 
(1933: 808-809), who discovered the sedimentary structures, state that 

. . . the origin of many of the schists might be obscure, were it not for their association 
and interbedding with the types of undoubted sedimentary character, for igneous invasions 
have greatly complicated the picture. Thus not infrequently it is possible to trace, by 
almost imperceptible gradations, a quartz-mica paraschist into a typical granite. 

It is worth further comment that, by determining the top and bottom of the schists, 
Campbell and Maxson were able to demonstrate the order of succession of a great 
series of rocks which previously had not been worked out. 

A second instructive example of a primary sedimentary structure that persisted 
through metamorphism intense enough to produce a rock of granitoid nature is found 
in the Eocambrian Sparagmite of Scandinavia. In an address on “The West-Scandi- 
navian Mountain Range,” delivered before the Boston Geological Society on Dec. 3, 
1946, Dr. Olaf Holtedahl remarked that current bedding (cross-lamination) in an 
originally arkosic phase of the Sparagmite is still perfectly preserved even though the 
rock is now granitized. 
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igneous rocks. The excellence of preservation of these original features, 
which are described on preceding pages, usually varies inversely as the 
intensity of deformation and recrystallization, other factors being equal. 
Lithology is also an important factor, as we shall see later, for quartzose 
and highly siliceous rocks react differently from argillaceous and cal¬ 
careous sedimentary rocks and basic igneous rocks. 

In addition to the inherited characteristics just mentioned, meta¬ 
morphosed rocks commonly have certain features and structures that are 
a consequence of their thermal and deformational history. These 
secondary features and structures fall into two classes: (1) those produced 
by elevated temperatures and pressures and hydrothermal action; (2) 
those resulting from application of stress. The former involve recrystal¬ 
lization and the formation of new minerals that are in equilibrium with 
the environment. The latter include drag folds and fracture cleavage, 
resulting from rock failure, and flow cleavage and foliation formed by 
recrystallization under differential stress, with consequent development 
of the platy so-called “stress” minerals, which assume a definite orienta¬ 
tion with respect to direction of stress. 

269. Features Produced by Thermal Metamorphism.—Sediments 
and sedimentary rocks, upon being subjected to abnormal temperatures 
and pressures and to invading solutions, undergo important mineralogi- 
cal and textural alterations. Grubenmann (1910), Eskola (1920: 143- 
194), Tilley (1924:167-171), Harker (1939), and many others have shown 
that the diversity of mineralogical composition exhibited by metamor¬ 
phosed rocks depends on two independent variables: (1) the original com¬ 
position of the rock that is to be altered and (2) the pressure-temperature 
conditions that prevail during metamorphism. 

The alterations may be on a regional scale and of very complex nature 
—these are not important enough for our present purpose to be discussed 
further^—or they may be exhibited in individual beds or sequences of 
beds. The latter are of interest here in that they have produced certain 
features which in the field prove to have top and bottom significance. 

260. Reverse of Textural Gradation in Metamorphosed Rocks 
WITH Original Graded Bedding. —Thermal metamorphism of a succes¬ 
sion of sandstone, siltstone, and shale layers originally having graded 
bedding is kno\vn to have produced a reversal in the usual texture 
gradation. 

The coarser sandy or silty material constituting the lower part of the 

> For examples of complex regional metamorphism the reader is referred to the 
following writers: Tilley (1924: 167-171), Elies and Tilley (1930:621-646), Jeffreys 
(1935; 158), Harker (1939: 185-189), Gunning and Ambrose (1940:52-53), 

Geikie (1940: 228). 
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bipartite graded layer, being composed dominantly of relatively coarse 
quartz grains, is little affected and retains its characteristic texture. 

The much finer argillaceous material in the upper part of the bed, on 
the other hand, since it is more susceptible to chemical change (because of 
Its fine state of division and appreciable content of alumina and the basic 
oxides), is greatly affected. The most obvious megascopic effect is the 
development of large crystals (metacrysts or porphyioblasts) of the 
following minerals, approximately in order of their metamorphic grade: 
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Fiq. 376.—Reversal of textural gradation by metamorphiam. A. One complete layer and parts of two 
contiguous layera. all showing textural gradation from coarse at the base to fine at the top The 
litbology of the layers consists of sandstone, silutone, and shale. Individual layers ranire in thickness 

-1 n'etamo" 

phos^. Porphyroblasta of staurobte. garnet, andalusite. cordierite, and muscovite arc known to have 
develo^d in tho alu^nous, finely divided upper part of graded beds, whereas sillimanite has been 

k® Band-silt part of the layer. Tho quartz of the coarser lower part of the bipartite layer 
u little altered by mctamorphism. but the interstitial spaces are filled with siliceous or other cement 
^ndenng the rock quartz,tic. Examples of this type of metamorphism have been reported from’ 
Widely separated localities throughout the world. See Figs. 377 to 379. (Art. 260.) 


chlorite, sericite, and muscovite; biotite; garnet; staurolite, andalusite, 
and cordierite [Grout (1932: 356)]. 

The metacrysts may not be much larger than the coarsest grains of 

the lower part of the bed, but commonly they grow to sizes of tenfold or 

even a hundredfold. If they are unusually large, the true upper part of 

the bed, studded with conspicuous crystals, appears at a casual glance to 

be the coarser basal part (Fig. 376). It is doubtful, however, as pointed 

out by Gunning and Ambrose (1940: 52), whether the upper fine-grained 

part of a graded bed would ever become uniformly the coarser grained; 

hence the reversal of grain size will probably be limited to the metacrysts 
alone. 

Inasmuch as this interesting metamorphic phenomenon has proved a 
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useful top and bottom criterion in a number of widely separated localities, 
a few specific examples wiW be described briefly to illustrate the variation 
in mineral suites. 

261. Broken Hill District, Australia .'—Strata exhibiting reversal of 
textural gradation are exposed in the Foot wall tunnel of the Central 
Mine, Broken Hill, Australia. In single beds, which range in thickness 
from a few centimeters to a meter (a few inches to several feet), the base 
of the bed is strongly quartzose and also contains considerable sillimanite. 
Upward these minerals give way to small garnets, which increase in size 
and abundance toward the top of the bed, reaching a maximum near and 
at the top. Since most of the garnet crystals are considerably larger 
than the quartz and sillimanite grains, the true top of the bed exhibits 
much coarser texture than the basal part, a reversal of the usual gradation 
in unmetamorphosed sedimentary rock. In this sequence the upward 
increase in garnets seemingly reflects a similar increase of alumina in the 
original argillaceous material constituting the upper part of the layer. 

262. Pre-Cambrian of Canadian Shield .—Metamorphosed Pre-Cam¬ 
brian sediments (Yellow-knife formation in the Wray Lake district) in 
the Northwest Territories of Canada exhibit pseudogradational bedding 
with cordierite or that mineral associated with nodules of andalusite well 
developed in the upper, originally argillaceous parts of the beds^ (Fig. 
377). Similar metamorphic effects are present in the McKam arkosic 
sandstone of the Sudbury district, where varvelike bands have large 
pseudomorphs after staurolite as much as 15 cm. long in the finer and 
more argillaceous portions {i.e., in the upper part) of the layers (Fig. 378). 
The lithology of the rock is described by Coleman (1914: 213) as follows: 


Usually the rock [McKim graywacke] is banded with finer and coarser layers, 
the bands varying from half an inch to two or three inches in thickness, probably 
an indication of seasonal changes. The finer-grained parts are slaty and usually 
contain pseudomorphs after staurolite, sometimes small like “rice grains,” but 
occasionally reaching 5 or 6 inches in length, with a breadth of one inch. The 
pseudomorphs now consist of fine-grained quartz and sericite. In thin sections 
one finds in the matrix a good deal of chlorite and sericite besides obscure opaque 
material. 


Gunning and Ambrose (1940: 51-52) report strata at the Dempsy 
Cadillac mines (Malartic area, Quebec) that exhibit pseudogradational 

bedding. 

1 The author is greatly indebted to H. C. Burrell for the data on this occurrence. 
Burrell and his associates recognized and used the criterion constantly in mappia® 

underground structure. . 

* Reported to the author by J. D. Allan, who observed the rocks while engage m 
field work and kindly furnished the photograph for Fig. 377. 
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Courtesy of J, D, Allan 

—Pseudogradatioaal bedding in early Pre-Cambrian Yellowknife strata in the Wray Lake 
u * 1 ^" 1 ^'* Canada. The rock has been metamorphosed by a near-by granite. The white arrow 
and the head of the hammer point toward the top of the vertically dipping beds. The hammer is 40 
cm, (16 m.) long, 

J. D, Allan, who took the photograph* describes the rock as follows (personal communication. 
Apr. 18. 1941); ^'Before metamorphism the rock was probably much like that seen in (Fig. 42). Meta- 
morpbism has caused recrystallization of the constituents. Nodules of andalusite os much as 25 mm. 
acr^ have developed in parts of the beds. The parts where the nodules have deveio|)cd arc believed 
to be^ the original fine-grained tops of the beds. The composition of the shaly part was more highly 
aluminous and so would be suitable for the formation of andalusitc. Also the fine grain of the shaly 
part permits reaction between constituents to take place at an earlier stage of metamorphism than in 
the coarser parts. The arrow points in the direction of the tops of the beds as indicated by the greater 
development of nodules in that direction in each successive bed. In some beds cordiorite nodules 
develop with or instead of andalusitc. This is governed by the original composition of the bed.*' 
Compare with Figs. 376 and 379. (Arts. 51, 262.) 



Fio. 378.~Pro-Cambrian McKim argillite showing graded bedding in which the texture has been 
reversed by metamorphism. The original graded beds may have been deposited as varved clays. 

A. Qlacially striated outcrop along the main highway near Cutler, Ont. The beds arc nearly vertical. 

B, Successive bipartite layers with coarser texture at the top, which is toward the top of the page. 
The glacial striae trend northeast-southwest. The white cap is 40 mm. (1.6 in.) in diameter, (Art, 
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. . . the lower 2 or 3 inches [50 to 75 



mm.] of each of a pair of beds is medium- 
to fine-grained greyT\'acke with clastic 
quartz grains 0.2 mm. or so in diameter. 
This grades upwards into very fine, 
argillaceous material, also 2 or 3 inches 
thick, with quartz grains 0.01 mm. or less 
in diameter. However, the fine-grained, 
argillaceous top is thickly sprinkled with 
biotite crystals to 0.5»mm. in diameter, 
in marked contrast wth those in the 
coarser bottom when the biotite flakes 
about equal the quartz grains in size. 




Fio. 379.—PscudoKradational bedding in 
Dalradian rocks of Scotland. Three sections 
show the inferred bottom, middle, and top of 
an andalusite schist bed. The bottom sec¬ 
tion shows a few small staurolites in a base of 
quartz and mica. The middle section shows 
the addition of a few patches of andalusite. 
The top shows an abundance of andalusite in 
large crystals. The quartz-mlca-staurolite 
groundmass remains the same throughout 
the bed, whereas the andalusite crystals 
increase in size upward. (Art. 263.) (After 
Read, 1936, Geol. Mag., 73: 474, text Fig. 2.) 


As in the other rocks in the area, sieve 
textures and sutured borders of the biotite 
flakes indicate beyond doubt that they 
are actually secondary and not original 
constituents. The size distribution of the 
biotite flakes illustrates the familiar prin¬ 
ciple that one of the main factors con¬ 
trolling the speed of a reaction is the 
fineness of subdivision of the reacting sub¬ 
stances. The more finely divided the 
material the more surface is exposed, so 
that reaction, once initiated, can proceed 
more rapidly tow’ards completion. 

The situation described has another 
important application. One of the meth¬ 
ods most commonly employed for deter¬ 
mination of the tops of beds is observation 
of gradation in grain size from coarse at 
the bottom to fine at the top. However, 
in the beds illustrated, the net effect of 
alteration has been to produce a complete 
reversal of the grain size in so far as the 
biotite flakes are concerned. At firsl* 
glance the lower side might easily be 
mistaken for the top. 


263. Scotland.—neSLd (1936:468- 
476) has reported marked pseudo- 
gradational bedding from metamor 
phosed Pre-Cambrian Dalradian rocl^ 

of Banff, Scotland.^ Individual bi¬ 
partite strata 15 to 30 cm. (6 to 12 in.) thick have large and^usite 

‘ Read states (p. 468) that he used current bedding and graded bedding 
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crystals or porphyroblasts in the finer argillaceous upper part of the bed 
but lack these in the coarser quartzose lower part (Fig. 379). He 
emphasizes the reliability of this criterion when he shows that other 
sedimentary structures {e.g., cross-bedding) indicate that the porphy- 
roblastic argillaceous portion of the bed constitutes the upper part. 

Read’s detailed description (pages 472 to 473) will not be included 
here but is given in the footnote below.* 

alongthelinesdevelopedbyProf.E.B. Bailey and the Glasgow School. ...” This 

reference is to the work of Bailey (1930: 77; 1934:462-525) and later that of Allison 
(1933:125-144), Anderson (1935:74), and McCallien (1935:407-442), all of whom 
applied the criteria of cross-lamination and graded bedding after becoming acquainted 
with their top and bottom significance as a result of a visit to Scotland by two 
American geologists, S. Buckstaflf and O. N. Rove, in 1924 and a later visit by a third, 
R. M. Field, who led the Princeton University Slimmer School of Geology to the 
Scottish Highlands in the summer of 1929. The observations made during these field 
trips resulted in important revisions of existing stratigraphic and structural inter¬ 
pretations according to Bailey (1930: 77), Vogt (1930: 68-73), and Tanton (1930: 73), 
the latter of whom was one of the members of the Princeton group. 

‘ The rooks of importance in this connection are pebbly grits and andalusite-schists; 
these are exceptionally well exposed at Whitehills. Knock Head, and in the south-west 
corner of Boyndie Bay. The pehlly griU form beds from 1 foot to 4 or 5 feet in thickness. 
They are coarse, pebbly rock.s, showing large grains, sometimes 1 cm. long, of quartz and 
felspars in a matrix of fine quartz grains, little felspars, magnetite grains, and much yellow 
to brown biotite in small laths. In numerous localities, and esi>ecially on Knock Head, 
the grit bands show graded liedding. The structural dip is at fairly high angles to the east 
and east-south-cast, and the grit bands are interbedded in andalusite-schists. It can be 
observed repeatedly that the western edge of each grit band is coarsely iiebbly, and that 
toward the east in each band the pebbles become finer and that at the east margin of each 
bed a few crystals of andalusite apiiear. The change in grain-size and abundance of 
pebbles takes place perfectly gradually from one side to the other of innumerable grit 
bands up to 5 feet in thickness. This can bo interpreted only as graded bedding, however 
disquieting the scale may be. The episode of sedimentation of each grit bed began with 
the deposition of coarse materials, gradually becoming finer till a portion of the clay fraction 
appeared in the final deposition that closed the episode—on metamorphism, this clay frac¬ 
tion appears as andalusite- All the observations on graded liedding in grits hereabouts 
point to an upward succession towards the east or east-south-east. Such observations 
can be made in Whitehills, everywhere around Knock Head, and in Boyndie Bay. 

The andalusite-schists provide a very pretty case of graded bedding in totally recrys¬ 
tallized rocks. When the andalusite-schists are examined in detail it is seen that the 
andalusite is not uniformly distributed in them. I had noted this fact many years ago 
when I stated “it is at once apparent that the development of andalusite is intimately con¬ 
nected with the nature and composition of the original sediment; the andalusite is often 
confined to thin beds, often under I inch in thickness, interbanded with slightly more 
siliceous but still somewhat clayey, non-andalusite-bearing phyllites. . . . 

In innumerable examples the rocks grouped as andalusite-schists are formed of distinct 
bods, 6 inches to I foot in thickness. The west side of each bed shows little or no andalu- 
site; towards the east in each bed, andalusite appears, first as a few crystals, then in greater 
abundance, till at the oast margin of each band the rock is largely composed of granular 
andalusite. . . , 

Examination of a series of thin sections cut from different parts of such beds supplies the 
explanation. The western margins of the beds consist of a medium-grained association of 
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264. Summary of Pseudogradational Bedding .—Undoubtedly there 
are many examples similar to those cited above where metamorphosed 
beds with original graded bedding now exhibit a reversal in the texture 
gradation {i.e., pseudogradational bedding) because of the development of 
porphyroblasts in the finer upper parts of layers. Such metamorphosed 
beds need occasion no difficulty in structural work if their history and 
the significance of the secondary minerals are appreciated. 

266. Cavities and Cavity Fillings Produced by Hydrothermal 
Action. i—Wahlstrom (1941:551-561) has described from the Spencer 
Mountain volcanics of Colorado some interesting cavities of hydro- 
thermal origin that have top and bottom significance. The cavities 
are confined to two 5-m. layers of pitchstone that represent quickly 
chilled lava flows associated with an ancient volcano (Fig. 380). Cessa¬ 
tion of volcanic activity was followed by reverse faulting; following this 
came a period of hydrothermal activity during which the mineralizing 
solutions, moving along the fault zones, extensively replaced the glassy 
flow rock there; but "at a distance from the faults the only manifestations 
of replacement are jasper geodes, or concretions, which are localized by 
closely spaced, onion-like spherical shrinkage fractures.” 

Our interest here is in the geodes and concretions thus formed, for 
when the mineralizing solutions later changed in character they dissolved 
out the interiors of many isolated jasper concretions and then partly or 
completely backfilled the cavities thus produced. Therefore now (page 

556) 

Gray and green agate, onyx, opal and calcite partially or completely fill the 

interiors of hollow concentrations, or geodes. ... 

The agate coats the walls and roof of the cavities and on the floor grades into 
flat intercalated l ayers of opal and chalcedony in the form of onyx. The thickness 

biotite and quartz, with which occur abundant ore-grains, many small euhedral staurolite 
crystals, and rare tiny garnets and prisms of tourmaline. The eastern margins of t 
beds show exactly the same association, but in this as a groundma.ss are set large porphyro* 
blasts of andalusite. up to 1 inch in length, with a few patches of cordierite. In many 
cases, more than half of the eastern parts of the beds consists of granular andalusite 
phyroblasts. Slices cut between the western and eastern margins of beds show in erj 
mediate characters—the same groundmass with fewer andalusite porphyroblasts. o® 
slices showing the variation are figured in [Fig. 379]. Since the aluminum si ica ^ 
andalusite. registers the amount of original clayey material it can be inferred tha 
amount of this clayey material increased gradually from the western margins of eac 
these beds towards their eastern margins: that is, each bed is graded from coar^ on 
west to fine on the east. Further, since the andalusite occurs as large porphyroblasts. ^ 
top, which was originally the finest part of the bed. becomes on metamorphism the 
grained portion. It is therefore possible to deduce the stratigraphical order in these o 

recrystallized regionally metamorphosed sediments. of 

‘ These features would not ordinarily be included under the usual denni 

metamorphism. They are inserted here merely for convenience and because 
do not fit elsewhere into our outline. 
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of the agate layer rarely exceeds an eighth of an inch, but some oynx masses are 
several inches thick. Agate and onxy were deposited contemporaneously. The 
greater thickness and flat layering of the ojtix indicate gra^dtative control. 

Inasmuch as (page 556) “[the] floors of many of the cavities are covered 
with corroded angular jasper fragments cemented by the younger min¬ 
erals” and the stratified partial fillings (Fig. 381) lie at the bottom of the 
cavity, we have in these relations a means of determining the direction of 



Fio. 380.—Idealized crosa section shoMng jasporization of pitchstonc flows adjacent to a thrust fault on 
the southwest side of Si>eciinen Mountain. Colorado. Scattered geodetj like that illustrated in Via. 381 
are prceent in the pitchatonc layera at some distance from the fault zone. (Art. 265.) (A/tcr iraAf- 
9(rom, 1941, Am. Mineralogut, 2S: 555, Fig. 4.) 

gravity at the time when the filling was made. Comparison of the plane 
of stratification in the filling with the general plane of the tabular flow 
should indicate (1) whether the filling was made while the flow was 
essentially horizontal or after it was tilted and (2) the amount of tilting. 

Ross (1941:727-732) has described from Oregon certain peculiar 
chalcedony-filled spherulites having a star-shaped cross section. Some 
of these are filled with horizontally laminated chalcedony (Fig. 338i).), 
and Ross (1941:732) concludes that “the resultant cavity [which 
was formed in glassy ash while it was still hot] was later filled by chal¬ 
cedony that was probably deposited during the alteration of the enclosing 
material to a clay.” 

Incomplete and composite amygdular and spherulitic fillings, dis¬ 
cussed in Art. 219, have certain features that are similar to those liere 
described, and it may not always be possible in the field to determine the 

time and mode of formation of the original cavity and of the subsequent 
filling. 
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In an address on “Some aspects of the Geology, Petrology, and 
Mineralogy of Switzerland,” delivered before the Boston Geological 
Society on Jan. 29, 1948, Prof. Paul Niggli described the crystals lining 
large cavities, presumably tensional in nature, that were formed when 




B C 


Fiq, 381.—Geodes id lavas. A* Partly filled geodelike concretion from a lava flow in the SpecinieD 
Mountain volcanic complex of Rocky Mountain National Park, Colorado. The two parts of the tran'* 
sected concretion show a partial filling that consists of alternating layers of opal (white) and chalcedony 
(gray). The original cavity was dissolved out of a pitchstone flow by hydrothermal solutions. Follow¬ 
ing this came a second stage during which the cavity was lined with agate. In the last phase, successive 
horizontal layers of onyx (opal and chalcedony) were deposited in the bottom of the cavity (c/. Figs. 
338 and 380). The fiat surface of the partial filling indicates horizontality at the time when it was 
formed and also indicates the top of the cavity. This concretion, if found in #ifu, could therefor be 
used to determine the top of the enclosing flow as well as to establish whether the flow had been tilted 
before or after the partial filling was deposited. R, Diagram to show relation of incomplete filling to 
shell enclosing cavity. Fragments of shell material lie in the basal laminae of the stratified 
C. Completely filled cavity, the bottom of which is indicated by fragments similar to those in 
(Art. 265.) (After Wahl$trom, 1941, Am. Mineralogist, 26: 557, Fig. 5J 


the strata of the Swiss Alps were folded. The lower side of some of the 
cavities can be determined by the fact that large quartz crystals project¬ 
ing into the cavity with variable inclination to the lower surface are 
coated with small chlorite crystals on their upper surfaces. Presumably 
the chlorite crystals formed in the fluid filling the cavity and then settled 
to the bottom, coming to rest on the upper surfaces of the large quartz 
crystals. This relationship of coated and uncoated crystal surfaces 
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should be useful in determining whether or not the terrane has been tilted 
since the crystals were formed. 

266. Features and Structures Produced by Folding, Faulting, and 
Dynamic Metamorphism.—Any sediment or rock subjected to sufficient 
stress fails in a manner determined largely by the physical properties of 
the material and the nature of the stress. Consequent on increasing 
stress, the following hypothetical sequence of events may be set up: 

1. Penecontem-poraneous deformation —folding and faulting of soft or 
unconsolidated sediments under little or no load. Structures so formed 
are discussed in Arts. 145 to 153. 

2. Local and regional folding of stratified rocks with development of 
major anticlines and synclines and of minor features' bearing genetic 
relations to the major structures. These minor features—drag folds, 
fracture cleavage, and flow cleavage—are of much importance in the 
present discussion because of their structural significance. 

3. Dynamic metamorphism, commonly accompanied by hydrothermal 
action, results in the formation of new minerals more or less in equilibrium 
with the rigorous environmental conditions present. These minerals, 
generally platy in shape, are characteristically oriented with reference 
to the direction of stress. 

Structural features referable to all three types of deformation are of 
common occurrence and frequently are useful criteria for determining the 
original order of succession in much-deformed and altered sedimentary 
rocks. It is of course true that in the later phases of dynamic meta¬ 
morphism fluids and increased temperature come into play and greatly 
modify or obliterate many details of structure. 

Here we shall consider only the three minor structures mentioned in 
(2)—drag folds, fracture cleavage, and flow cleavage. These are com¬ 
monly the only top and bottom criteria present in highly folded rocks; 
for, as Mead (1940: 1007) points out, “ . . . sedimentation features 
useful as indicators [of top or bottom], such as cross-bedding, ripple 
marks, and grain-size gradation, are not always available and have a 
perverse way of being absent when most vitally needed.” 

267. Drag Folds. —Drag folds are small* asymmetrical flexures 
formed in relatively incompetent beds during folding or faulting or by 

' Decker (1920; 1-89), in a concise treatment of minor folds that is seldom cited in 
reference lists, points out many kinds of major and minor folds and calls special 
attention to the less conspicuous flexures of gently folded and flat-lying sedimentary 
rocks. 

* Gunning and Ambrose (1940: 45) report a drag-folded conglomerate bed 13 m. 
(40 ft.) thick, but this probably had a different origin from structures usually classified 
as drag folds. 
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the sliding of unconsolidated sediments. The type of drag fold in which 
we are particularly interested here is that formed during the folding of a 
succession of competent and incompetent strata. Such drag folds are 



Fio. 382,—Drag folds. A-D. A drag-folded layer in an incompetent bed sheared between two conip^ 
tent beds. Since the top bed of a pair moves upward relative to the underlying. A is right side up. B is 
overturned, C faces to the left, and D faces to the right. In these drag folds an axial plane of any of 
them is approximately parallel to the axial plane of the major fold. E. Drag-folded quartxite beds 
with intervening sericitic schist layers in the Pre-Cambrian Baraboo quartzite near Devil's Lake. 
Wisconsin. The brittle and competent quartzite layers, averaging about 0.3 m. (1 ft.) thick, have 
numerous plane, lenticular, and wedge-shaped fractures filled with quartz. The plane fractures are 
mainly on the flatter parts of the folds, whereas the lenticular and wedge-shaped ones are near and at 
the crests, respectively, where the brittle quartzite cracked open upon bending. The quarts was intro^ 
duced later. The originally argillaceous layers between the quartzite beds are now intensely crumpled 
sericite schist in which there has been considerable flowage. This unusually large drag fold is but a 
miniature of the large Baraboo syncline on the south flank of which it now lies. F. Diagram showing 
the general relation of drag folds to beds in a normal anticline and 6>'ncline with vertical axial plane. 
<7. Drag folding along a thrust-fault zone where the hanging wall has ridden upward on a layer of incom¬ 
petent material. This type of drag fold has no top and bottom significance. Miller (1922: 588) and 
Brock (1904; 1-17) cite examples of this type. (Arts. 152. 267, 270.) 

produced in incompetent layers sheared between oppositely moving 
competent layers (Fig. 382). 

Leith (1923: 167) states that “most folds are probably drag folds on a 
larger or smaller scale/’ and this statement takes on its full significance 
when one reads the analysis of folds by Van Hise (1896; 581-633) and 
studies his illustrations. It seems appropriate, therefore, to review 
briefly the several kinds of drag folds before proceeding to a more detailed 
consideration of the ones which are of present interest. 
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268. Types of Drag Folds .—are at least five general types of 
drag folds, and it is important that the fold be identified correctly before 
it is used as a basis for structural determination. The types are: 

1. Drag folds in thin layers and lenticular masses intercalated with 
normally stratified beds. These are assigned to penecontemporaneous 
deformation and are described in Arts. 145 to 153. 

2. Drag folds associated with fault zones and produced by the differ¬ 
ential movements of contraposed rock masses. These may indicate 
direction of movement in the faulting but are of no use in top and bottom 
determination (Art. 152; Figs. 229, 382G). 

3. Drag folds formed at the same time as major folding. These may 
consistently parallel the major structures, in which case they are most 
useful, but they may also be oriented across major structural features, 
in which case they are of little or no use in top and bottom determin¬ 
ation and will, in fact, prove misleading unless their true relations are 
recognized. 

4. Drag folds associated with domal folding— o.g., igneous intrusions, 
salt domes, cryptovolcanic structures, and magmatic intrusions [Miller 
(1922: 607-610)]. These are the reverse of (3) in their relationships to 
bedding planes but otherwise are not greatly different. 

5. Drag folds in recrystallized or originally molten rocks [Miller 
(1922: 607-610)]. Intense folding of the drag-fold type is commonly 
present in certain kijjids of salinastone (Art. 147; Fig. 228) and in marble 
(see Prouty (1916: 27) and Bain (1931: 503-530)], in various kinds of 
igneous rocks, and in gneisses. These drag-fold structures are not gen¬ 
erally related to major folding forces, hence are valueless for working out 
major structures or stratigraphic successions. 

269. Drag Folds Produced in Folding of Stratified Rocks .—In the folding 
of stratified or layered rocks, adjacent layers tend to slip by each other in 
opposite directions relatively. Incompetent rocks which can be deformed 
rather easily are thrown into small intricate folds referred to as drag folds. 
Several kinds of drag folds have thus far been recognized, depending on 
their position with reference to the axial plane or to some other part of the 
fold. Axial-plane and cross-structure drag folds are the commonest, but 
other unusual types have been reported. Drag folds are much used in 
some areas for structural determinations, hence a brief consideration of 
them follows. 

270. Axial-plane drag folds ^.—In the folding of a sequence of bedded 
rocks the upper of a pair of adjacent beds moves out of a syncline or up 

^ Hills (1940: 90) suggests that these be termed congruous in order to differentiate 
them from other drag folds, not related to the major folding forces, which he desig¬ 
nates incongruous (See Cope (1946; 139-176)1. 
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the flank of an anticline relative to the lower bed. This differential 
movement between adjacent layers causes the more competent to fold 
gently and then to fail by fracture when the elastic limit is passed, whereas 
the less competent layers first become intensely crumpled and finally fail 
by flowage. Competent beds are thrown into large drag folds, which are 
miniatures of the major regional folds, whereas incompetent layers are 
intricately crumpled in making adjustment to the convolutions of the 
former (Fig. 382). Drag folds so produced are characteristically asym¬ 
metrical, and their axial plane is approximately parallel to that of the 
major fold of which they are a part. 

By relating drag folds of this kind to bedding, it is possible to deter¬ 
mine the position of the axial plane of the major fold, the relative move¬ 
ment between contiguous beds, and from the latter the top of the folded 
sequence.^ Furthermore, if Pumpelly^s rule,^ i.e., that “the degree and 
direction of the pitch of a fold are often indicated by those of the axes of 
the minor plications on its sides,is applicable to axial-plane drag folds, 
as most structural geologists now seem to assume [Leith (1923: 176-181) 
Willis and WUlis (1934:97-99), Hills (1940:89-91), Billings (1942:81, 
97), Nevin (1942:68-72), and Wilson (1947:263-302)], it follows that 
the direction and angle of pitch of the drag folds should closely approxi¬ 
mate those of the major fold. 

Axial-plane drag folds have long been one of the most important tools 
for deciphering the structure of complexly folded rocks in the Pre-Cam¬ 
brian Canadian Shield, from Minnesota to Labrador, and most of the more 
comprehensive reports on this vast geologic complex refer to the useful¬ 
ness of drag folds (see the reports of Van Hise, Pumpelly, Van Hise and 
Leith, and the long list of Canadian geologists who have slowly but surely 
unraveled one by one so many of the complicated structural knots of the 
Pre-Cambrian). Furthermore, drag folds are cited as a top and bottom 
criterion in nearly all recent textbooks on structural geology (see table in 
Chap. I, pages. 22-23). 

^ Gniner {1941:1621), in studying the complexly folded Pre-Cambrian Knife 
Lake slates of Minnesota, found that 

Drag folds are usually very helpful, not only by showing the positions of the anticlines 
and synclines, but also by indicating in some meastire the distance the observer is away 
from the main crests and troughs. Experience has taught the writer that the closer a 
given outcrop is to the crest or trough of a major fold the more numerous are the drag folds, 
other conditions being equal. On long limbs, however, they may be absent, or, what is 
w’orse, contradictory. 

3 Hills (1940:89) applies this designation to the statement of Dale [PumpeUyt 
Wolff, and Dale (1894; 158)1 that “the degree and direction of the pitch of 
are often indicated by those of the axes of the minor plications on its sides” and credits 
its formulation to Dale, who worked under Pumpelly’s guidance. 
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271. Cross-structure drag /oWs.-Only a cursory examination of an 
intensely folded sedimentary succession is necessary to prove the exist¬ 
ence, in addition to axial-plane drag folds, of numerous minor flexures 
and plications that are not parallel to the general trend of the major 
structure. These have caused endless confusion when attempts were 
made to use them in the same way as axial-plane drag folds. Because 
they may be oriented in almost any direction in the beds of a fold, they 
cannot be used for top and bottom determination. 

Examples of this type of drag fold are usually assumed to have formed 
after the major folding, hence to be related, not to the original major 
folding forces, but to forces that acted later in another direction. 

Van Rise and Leith (1911: 123) found that in the Vermilion district 
of the Lake Superior Pre-Cambrian, where cross folding and at least 
three orders of drag folds are present, the axes of one common type of 
drag fold he “ in any direction in the plane of bedding”; Derry 
U939; 10&-134) has described from the same terrane steeply pitching 
drag folds which, though independent of the major folding, are associated 
with drag folds which are dependent on that folding; and Gunning and 
Ambrose (1940: 45) report that in a gently pitching syncline—again in 
the Lake Superior Pre-Cambrian—steeply pitching drag folds have axes 
essentially perpendicular to the axis of the main fold. The last-named 
writers conclude that these Z-shaped secondary drag folds, which are 
present on both flanks of the major structure, were formed after the main 
folding, i.e., "... after the strata had been thrown into vertical posi¬ 
tions, the beds slipped past one another as a result of nearly horizontal 

movements/’ 

Hills (1940:90) suggests that drag folds which do not conform to 
Pumpelly’s rule (Art. 270), whether dependent on or independent of the 
major folding forces, be designated incongruous. He cites a case in point 
from the lower Paleozoic rocks of Victoria, where steeply pitching drag 

folds are related “ . . . to nearly horizontal bedding plane slip developed 

in already steeply dipping beds.” 

These examples and others that could be cited make it clear that the 
field geologist must be certain of the type of drag fold with which he is 
dealing before using it as a basis for structural determinations. 

272. Drag folds in domal stTuciures .—In those structural situations 
where beds have been domed or thrust upward by a vertically directed 
force, the under of a pair of adjacent beds moves upward relative to the 
upper. If drag folds and cleavage are formed, both are reversed from the 
usual situation (Fig. 383). Such reversed drag folds and cleavage have 
been observed in a supposed cryptovolcanic structure at Kentland, Ind.,' 

* On a field excursion to this unusual structural area in northern Indiana [Shrock 
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and are to be expected in stratified rocks domed by igneous or saline 
plugs. 

The author is indebted to Prof. W. J. Mead for the description of 
unusual drag folds in the peripheral zone of a volcanic plug that is exposed 
in the river gorge at the site of the Owyhee Dam in Oregon. The plug, 
which consists of rhyolite, intrudes a series of sediments. The peripheral 
shell of the plug cooled first; and as the viscosity here increased, the still 
plastic magma was drag-folded by the upward thrust of the fluid central 



Fio. 383.—Hypothetical diagram of a cryptovolcamc atnicture, showing the upward thrust that arches 
the overlying strata. The extensive faulting associated with these structures is omitted. In this type 
of deformation the upward thrust from the igneous mass causes the under bed of a pair to move 
upward relative to the overlying, so that both drag folds and cleavage are oppositely oriented from tnow 
in the usual folds. Reversed drag folds are common in the steeply inclined argillaceous limestones 
the supposed cryptovolcanic structure near Kentland, Ind, Compare with Fig. 384. (Art. 272.) 

mass. The result is a peripheral zone of intense drag folding where, by 
observing the orientation of the drag folds, it is possible to determine one s 
position with reference to the center of the plug and whether, in advancing 
along a radial path, one is going toward the central part of the plug or 
away from it. 

273. Summary on Drag Folds .—Drag folds are common and wide¬ 
spread in folded and otherwise deformed rocks and are variously oriented 
^vith reference to the planes bounding the tabular masses in which they 
are present. Certain of them can be used as top and bottom criteria and 
for determining the nature and extent of major structural features pro¬ 
vided that their true nature is first determin^. Many of them, on the 

(1937: 471-531)1, Dr. R. T. Chamberlin and the author discovered on the northern 
wall of the large central quarry, where the thin-bedded Ordovician limestones are 
vertical, numerous well-developed reverse drag folds which show that the 
(lower) of a pair of beds moved upward relative to the western (upper) (see Fig. 334). 
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other hand, can be contradictory and misleading if used indiscriminately. 
A few, obviously formed while the containing sediments were still soft 
and under little or no load or as a result of recrystallization, may or may 
not have top and bottom significance. 

274. Foliate Structure or Cleavage.— Foliate structure may be 
defined as that community of textural and structural properties of a rock 
which permits it to cleave or part along approximately parallel surfaces. 
It is formed in several ways and may be differentiated into the following 
varieties [Mead (1940:1009-1011)]: 



A B 

‘bin-bedded Ordovician limestones of the supposed cryptovolcanic 
UDward rtw..- , These beds, which are highly inclined or vertical, have been thrust 

the revo t * 1 .™* ‘be thrusting the lower bed slipped upward relative to the upper— 

thicknlLTh.?' movement m normal folding. A. Three layers averaging about 45 cm. (18 in.) ir 
. drag folds and faults in thin laminae averaging about 25 mm. (1 in.) in thickness. The 
Drominnn* ^botograph of the drag fold enclosed in the circle on A, showing 

northern movement. The sketch is based on exposures along the 

shown in the sketch specimen was taken from the middle layer of the sequence 


1- Bedding jissiliiy —the capacity of many of the finer grained sedi¬ 
mentary rocks to part along surfaces parallel to the stratification. This 
property, which is ascribed largely to compositional and grain-size varia¬ 
tion between layers, is a primary sedimentary structure modified to some 

extent probably during the consolidation of the rock. It has no top and 
bottom significance. 


2. Bedding foliation —a schistlike or gneissoid structure produced by 
metamorphic accentuation of original bedding fissility, with or without 
8U ^quent deformation. This type of foliation, called “load cleavage” 
y aly (1917: 375), has no apparent use as a top and bottom criterion. 
. Fracture cleavage —this type of foliation results from the fracture of 
re atively weaker rock layers, which are sheared between stronger layers 
uring moderate folding, but may also occur along shear and fault zones, 
consists of closely spaced, parallel shear fractures that are independent 
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of the orientation of the constitutent minerals. The fractures divide the 
layer into plates that are not cleavable into thinner foliations. 

Fracture cleavage, as Mead (1940: 1010) points out, is ... an 
admirable indicator of the direction of shear displacementand has been 
proved a reliable top and bottom criterion when used with proper dis¬ 
crimination. It is discussed more fully in Art. 275. 

4. Flow cleavage^—ih\s type of foliation, which pervades the entire 

rock in contrast to the more widely spaced fracture and shear cleavages, 



A B 

Fio 385.—Cleavage in incompetent and competent beds. A. Flow, or axial-plane, cleavage in an 
incompetent slate layer between competent quartnte beds that have fracture cleavage. B. Com^tem 
ouartsite beds with fracture cleavage in a slate series with flow, or axial-plane, cleavage, ihe ar^ro^ 
in both diagrams indicate relative movement between beds. In each diagram the top of the . 

to the left, for the left-hand bed of any pair has moved upward relative to the right-hand. t,Ari. ■> 

is a result of dynamic metamorphism and is due to the parallel orientation 
of platy and elongate minerals. According to Mead (1940:1010), 

Its orientation is perpendicular to the short axis of strain, which is equivalent 
to saying that it is perpendicular to the direction of the resultant of compression 
stresses . . . [which] relationship to strain places it approximately parallel to 
the axial plane of folds. The simple relationship between flow cleavage and 
strain makes it reliably useful in the interpretation of folds. 

Flow cleavage, like fracture cleavage, has been proved a reliable top 
and bottom criterion. It is more fully discussed in Art. 275. 

5. Shear cleavage— (1940: 1010-1011) defines shear cleavage as 

follows: 

This type of cleavage consists of roughly parallel, closely spaced surfaces of 
shear displacement on which platy minerals may have developed and into whic 
they may have been dragged. . . . 

Shear cleavage may be developed in rocks having earlier flow cleavage or 
bedding foliation. - . . Shear cleavage, although commonly found in folde 


rocks, is not a consequence of folding. . . . 

^Leith (1905: 23^.) first used the term “flow cleavage” and also pointed out that 
it had previously been called “slaty cleavage” and “schistosity.” Fairbaim (19 
591) later described this type of foliation as “axial-plane cleavage.” 
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Hence the structure cannot be used for determining the tops and bottoms 
of folded beds. 

Inasmuch as certain of the foliate structures just described may be so 
much alike that they are indistinguishable in the field, the greatest effort 
must always be made to establish the correct identity of the structure 
before using it as a top and bottom criterion. 

The reader will find an excellent review of slaty cleavage and kindred 
structures in a recent article by G. Wilson (1947:263-302), which was 
published too late for the author to take full advantage of it. 

276. Fracture and Flow Cleavage .—The manner in which fracture and 
flow cleavage are formed and their orientation with reference to the stress 
which produces them have been widely discussed, not always with unan¬ 
imity of opinion. Since we are not interested here in these aspects of 
cleavage, it will suffice to list some of the more important references in a 
footnote.^ The interested investigator will find in this brief list enough 
references to take him far into the general problem of rock cleavage and 
particularly into the mechanics of folding and cleavage formation. We 
turn then to consideration of those features of cleavage which are useful 
for top and bottom determination. 

276. Relation of cleavage to bedding and to folds .—It has been pointed 
out repeatedly, following the original analysis by Leith (1905: 1-216), 
that fracture and flow cleavage can be used successfully to determine tops 
and bottoms of beds in stratified rocks (see table. Chap. I, pages 22-23). 
In folding produced by compressional or rotational stress the top bed of a 
pair always moves upward with reference to the underlying bed (Fig. 
385); hence, by following the fracture'or flow cleavage to its two bound¬ 
aries within a single layer, it is possible to determine how contiguous beds 
moved and from this observation to fix the top and bottom of the beds. 

Flow cleavage is approximately parallel to the axial plane of the fold 
in which it is developed, whereas fracture cleavage makes an appreciable 
acute angle with the axial plane (Fig. 386). In symmetrical folds the 
cleavage is steeper than the bedding in every part of the fold^ (Fig. 386). 

■Ijiugel (1854-1855:363-368), Hoim (1878), Ix)retz (1882), Becker (1893: 13-90; 
1904:1-34), Dale (1896:543-570; 1902:9-22), Van Hise (1896:633-668; 1909:97- 
104), Hoskins (1896: 845-874), Ixjith (1905: 1-216; 1923: 113-158, 181-185), Swanson 
(1927: 193-223; 1939: 1938; 1941: 1245-1263), Lovering (1928: 709-717), Cloos and 
Martin (1932:74), Fairbaim (1935:591-608; 1936:670-680; 1942), A. Ix-ith (1937: 
360-368), Derry (1939:109-134), Rowland (1939:449^71), Mead (1920:505-523; 
1940: 1007-1021), Broughton (1946: 1-18), and Wilson (1947: 263-302). 

* Even in closely compressed folds there is usually a slight inclination of cleavage 
to bedding, though the angle may be only a few degrees and so small that cleavage is 
scarcely distinguishable from bedding. Leith (1923: 128) states that in his wide 
observations of Pre-Cambrian rocks he “ ... has never yet found cleavage exactly 
parallel to the bedding for any distance. When followed out in strike or dip for even 
a few yards, it is found to cut the bedding.” 
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Fiq. 386.—Axial-plane cleavage in overturned and normal anticlines. A. From cleavage-bedding rela¬ 
tions in surface exposures it is possible to reconstruct the part of the fold that has been eroded away 
and also to construct the subsurface structure. The left limb of the fold is normal, the right overturned. 
The cleavage has the same inclination in both Umbs and U approximately parallel to the axial plane. 
B. An upright symmetrical anticline with axial-plane cleavage. The suprasurface part of the lold u 
reconstructed and the position of the axial plane indicated. The pitch is the angle between the hori¬ 
zontal and the trace of bedding on cleavage. In both folds the upper bed of 
toward the anticlinal axis relative to the underlying bed. Compare Figs. 387, 389, 391, and 

(Art. 276.) 


/VW' 


S£ 


In asymmetrical folds with the steeper limb vertical or overturned and 
in overturned symmetrical folds, cleavage is steeper than bedding on 

the normal limb, but bedding is steeper than 
cleavage on the overturned limb (Fig. 386). 
These relations were long ago recognized and 
used by Irving, Van Rise, Leith, Mead, and 
many others in working out the structure of 
the folded Pre-Cambrian rocks of North 
America, and they have been found equally 
useful when applied in other folded areas. A. 
Leith (1931:625-640), for example, found 
that both fracture and flow cleavage are 
extensively developed in the western Alps and 
can be used successfully to work out the struc¬ 
ture of that complex terrane (Fig. 387). 
Hills (1940: 102) reports similar cleavage 
development in the Bendigo gold field of 
Victoria, Australia [see also Dunn (1896)].* 

^ Cleavage may be formed in relatively soft rocks 
during intense folding, as illustrated by an instructive 
example in the Carboniferous Wamsutta red beds o 
the Narragansett Basin. About half a mile southwest 
of Sheldonville, Mass., is a roadside exposure showing 
steeply inclined layers of fairly fine-grained red sandstone with numerous discoidw 
shale masses disposed at right angles to the bedding along the southern side of eac 
bed. The shale discoids show well-developed cleavage, whereas the surrounding 



fraefure 

cleavage 

Flow cleavaae 


Fxo. 387.—Fracture and Sow 
cleavage on the overturned limb 
in the root zone of the Wild horn 
nappe in the Helvetian Alps. 
A bed of limestone lies in the 
midst of black calcareous schist. 
The beds dip about 68^ to the 
southeast, the flow cleavage about 
45^. and the fracture cleavage at 
a much flatter angle. The beds 
are obviously overturned since 
bedding is steeper than cleavage. 
(Art. 276.) {Modified after A. 
LetiA, 1931, Jour. Gedooy. 39: 
631, Fig. 3.) 






FEATURES OF METAMORPHOSED ROCKS 


439 




Courtfuy of R. L. Nichol9 




Approximate 


position of 
\axiai plane 


Cleavage 


Bedding 


Flattened 
■■shale ball 


B 

Fiq. 388.—Shalo iwllcta. A. Mossivo conulonuTuto in Uic Eocene Calapooya forination at Hobart 
Butte, Oregon. The photograph ia slightly less than natural nizc. The rock coneista of ovate kaolinitio 
pcllcta lying in a gray clay matrix and elongated in the general plane of bedding, which ia ahown acrosw 
tho photograph from left to right. The rock is thought to represent a water-laid sediment of pyroclastic 
origin, and the pellets have been interpreted as eroded fragments derive<i from desiccated clay layers. 
Many of tho pellets api>enr to have been plastic when deposited, for they are molded against and ovei 
particles on which they came to rest. Compare these pellets, elongated in the general plane of strati¬ 
fication, with those of Fig. 388B, which have been dynamically elongated in a direction jierpendicular 
to bedding. li. Flattened shale pellets with well-developed cleavage in sandstone layers of the Pennsyl¬ 
vanian Wamautta formation near Shcldonville, Mass. Tho original mud pellets were probably spher¬ 
oidal or flattened in tho general piano of stratification, but as a result of deformation during folding they 
were elongated in tho direction of cleavage, so that they now have their longest axis perpendicular to 
bedding. Tho incomiietent shale readily developed cleavage, whereas the more competent sandstone 
did not. In massive formations that lack well-defined bedding, shale pellets not only indicate the 
general piano of stratification but also indicate differential movement between beds, hence top and bot¬ 
tom, provided that cleavage ia developed. (Arts. 122, 276.) (A after Alien and Nichole, 1945, Jour. 
Sedimentary Petrology, iS: 25-33, Fig. 1.) 
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An important correlative use of the cleavage-bedding relation is 
stated by Leith (1923; 127) as follows: “The trace of bedding on the 
cleavage planes indicates the pitch of the fold.’^ Once the direction of 
pitch is determined, a traverse in that direction crosses successively 
younger strata regardless of whetherThe fold is an anticline or syncline. 
A means is thus afforded for determining the order of succession in pitch¬ 
ing folds, and since most folds have some pitch the criterion is one worth 
remembering. 



B C 


Fio. 389.—Diagrammatic cross section of the Pre-Cambrian Baraboo syncline of Wisconsin, and 
enlarged parts, showing the relation of cleavage to bedding and to the axial plane of the fold. The 
basement rocks, the Pre-Cambrian iron-bearing formations directly overlying the quartzite, and the 
Upper Cambrian strata, which lie unconformably upon the Pre-Cambrian, both inside and outside 
the syncline, are omitted from the diagram. In B and C the top bed of a pair moved upward or toward 
the anticlinal axis— i.e., away from the synclinal axis—relative to the underlying bed. See Figs. 391 
‘ and 392. (Art. 277.) 

277. Identification of fracture and flow cleavage. —Since, as Mead 
(1940:1017) points out, “intelligent utilization of cleavage in the inter- 

sandstone is devoid of secondary structure. 

It appears that the shale masses were originally spheroidal or ellipsoidal mud balls 
which were elongated essentially parallel to the axial plane of the fold during folding. 
The cleavage-bedding relations now visible indicate that the exposure is on the limb 
of an asymmetrical anticline which has little if any pitch (Fig. 388). The unusual 
feature of their exposure is that the structural record is to be read from the deformed 
shale balls, which here serve the same purpose as slaty layers in other areas. 

Cloos (1947: 843-918) recently called attention to several structurally significant 
relations between deformed oolites, cleavage, and axial planes of folds. 

An instructive example of preferential development of cleavage is reported by 
Rowland (1939: 449 - 4 71) from the Moccasin clastic member of the Ordovician Low- 
ville formation of Virginia. The cleavage is confined to incompetent beds of fine to 
coarse sand with calcite and clay matrix, the whole intimately intermixed and unas¬ 
sorted. Cleavage is lacking in contiguous members that have no calcitic and argillace¬ 
ous matrix. 
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pretation of the structures of folded rocks requires correct classification 
of the type or types of foliate structures observed,” identification of 
fracture and flow cleavage becomes the first step in solving the problem of 
what is top and what bottom in a folded succession of sedimentary rocks. 
Unfortunately there are no completely reliable criteria for this identifica¬ 
tion, but there are some general aspects of these types of cleavage that 
should be noted here. 

The general principle, that flow cleavage is essentially parallel to the 
axial plane of the fold in which it is developed, is strictly applicable only 
to relatively incompetent beds, as Leith (1923:113, 132), Swanson 
(1927: 193-223), and others have 
pointed out. Flow cleavage 
should be sought, therefore, in 
originally argillaceous beds and 
may be expected to have its best 
development where such beds, 
alternating with competent sand¬ 
stones and quartzites, have been 
subjected to considerable defor¬ 
mation (Fig. 389). 

Fracture cleavage, being the 
result of rupture by shearing, 
may be expected in hard, brittle 
rocks such as limestones, sand¬ 
stones, and quartzites as well as 
in slightly deformed argillaceous 
beds. Its acutely angular rela¬ 
tion to the axial plane is especially 
obvious where it gives way to 

flow cleavage in adjacent less competent beds (Figs. 390, 394). A. 
Leith (1931: 631-640) describes and illustrates several cases in point from 
the western Alps, Du Toit (1939: 242, Plate 23) describes and illustrates 
well-developed fracture cleavage in vertical beds of Permian Dwyka 
tillite of South Africa, and Shenon and McConncl (1940: 440^.) found 
fracture cleavage in quartzite layers to be useful in determining the tops 
of beds. Both Leith (1931: 631) and Shenon and McConnel (1940: 440) 
call attention to the fact that the usefulness of fracture cleavage is 
increased if it has a pronounced attenuated S shape when viewed in 
transverse section, each end of the S being approximately parallel to the 
axial plane of the fold (Fig. 391). Such S cleavage is to be expected in 
the finer grained and silty layers of sandstones and quartzites and in 
limestones. Shenon and McConnel (1940: 442) remark: 



Fio. 390.—Frncturc and flow cleavaKP in the root 
zone of the Diahleret nappe in the Helvetian Alps. 
The limeatonc layer in the midst of black calcareou.s 
achbt dips 15^ (o the southeast, the flow cleavage 
about 65^ in the same direction, and the fracture 
cicavaac in (he limestone is essentially vertical. 
Since the cleavage is steeper than the bedding, the 
beds are right side u]i and on the normal limb of an 
anticline. The arrows indicate relative movement 
between beds. (Art. 277.) (Adapted from A. 
LeUh, 1931, Jour. Geology. 39: 632, Fig. 4.) 
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This turning of fracture cleavage from its attitude in the middle of a bed to a 
position nearly parallel to the argillaceous parting at the bedding plane is the 
result of slight differences in grain size and therefore in relative competency and 
response to stress between the quartzite in the middle and outer parts of a bed. 
“S’’-shaped cleavage is not seen in massive quartzite beds which do not have 
somewhat finer-grained material near the bedding surfaces. 

Leith (1923: 154-155) years ago described and illustrated the same 
point from the Baraboo quartzite of Wisconsin (see Fig. 392); and in a 



Fio. 391.—Fracture cleavage in an argillaccoud layer between ma.ssivc beds of Pre-Cambrian Baraboo 
quartzite on the south limb of the Baraboo syncline at Devil’s Lake, Wisconsin. The partings in the 
j*laty layer vary in continuity and curvature; some have the shape of an attenuated S, whereas others 
resemble foreset bedding. All show the differential movement indicated by the arrows. The 
in the massive quartzite are continuous with fracture-cleavage partings. Two short tension joints— 
open gashes—cross the fracture cleavage with opposite inclination (see Art. 279 and Figs. 396 and 397). 
The small inset indicates the general regional structure to be inferred from the cleavage-bedding relation 
in the exposure (see Fig. 392). Art. 277. {Sketch based on a pkoloffraph by W, J. Mead.) 


recent article on the closely folded Ordovician rocks of Victoria, Australia, 
Hills and Thomas (1945: 54) report that “in graded beds, however, there 
is a gradual change in the attitude of the structures cleavage] as the 
bed becomes more argillaceous.” 

Tanton (1926: 44—15) points out a relationship between fracture 
cleavage and the lithology of varvelike layers that he found useful m 
determining order of succession in Coutchiching sedimentary rocks near 
Steeprock Lake, Ontario. His observations follow: 

Between one-quarter and one-half mile east of the northeast end of Lerome 
Lake cross bedding was obser\'ed, and nearby there are varv’e-like groups of beds 
in the same series. The interpretation[sl of both of these, by the standard 
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Courtesy of IT. J. Mtad 

iiQ. 3U2.—Fracture cleavaRc in an arRillacous layer of the Prc-Camhrian Baraboo quartzite at DeviFs 
Lake, Wisconsin. The view is to the left of that akelched in Fig. 391. (Art. 277.) 



®®^‘~Textural variation and fracture cleavage in the Pre^Cambrian Coutchiching cloatic rocka of 
Lake area, Ontario. The two complete layers grade from coarse at the base to fine texturo 
a the top, where there ia a sharp break as the coarse basal part of the overlying layer begins. The 
racture cleavage makes a larger acute angle with the bedding in the sandy part of the layer than in the 
*^8*^l®ceous part, Both cleavage and texture variation indicate the top of the beds. (Art. 
^77.) (A/ter Tanton. 1926, Royal Soc. Canada Trans., 20: 46, Pig. 3.) 
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methods, agree in showing the tops of the beds to be in the same direction. The 
false bedding is abruptly cut off by overlying beds while it comes in contact with 
the lower beds by a tangential curve; the concave side of the curvature in the 
false bedding is toward the original top. In the varve-like beds the texture 
changes more or less gradually from relatively coarse at the bottom to fine at the 
top within each sharply bounded compound unit. A dependable interpretation 
cannot be made when, as sometimes happens, the gradations within the associated 
beds are either not uniformly in the same direction or admit of doubt. It was 
observed that the fracture cleavage as developed in the varve-like beds also 
provided a means for recognizing the attitude, and in some cases this is more 
readily observable than the gradational texture variation itself. The fracture 
cleavage in the varve-like beds cur\'es and the convex side of the curvature is 
toward the top; in the coarser textured part of such beds the fracture cleavage 
makes a greater acute angle with the bedding than m the finer grained part of 
the same bed [Fig. 393]. 

Tanton’s example illustrates, among other things, the possibility of 
confusing fracture cleavage and cross-lamination in medium- and fine¬ 
grained clastic rocks (Art. 142). 

An interesting structural use of a modified type of fracture cleavage 
is described in a recent article by Hills and Thomas (1945: 51), who point 
out how “closely spaced fissures in sandstones and puckered arenaceous 
laminae in slates are used in field work to indicate center country (fold 
axes) where dip readings are difficult to obtain. . . Their Fig. 1, 
here reproduced with slight modification as Fig. 394, shows not only the 
usual intense deformation along the anticlinal crest but also the change m 
attitude of the cleavage as it passes from sandstone, through laminated 
sandstone, into slate. 

The surface of contact between a brittle quartzite and cleaved shale 
typically has a serrated profile when viewed in cross section and a ridged 
topography when seen in plan (Fig. 87). The parallel asymmetrical 
ridges of shale adhering to the quartzite should not be mistaken for ripple 
marks. Maxson and Campbell (1934, 1939) made this mistake but cor¬ 
rected it when petrofabric analysis by Ingerson (1939, 1940) showed the 
true nature of the structure (see Art. 82). Bucher (1919:203) calls 
attention to a peculiar rippling of cleavage surfaces under certain condi¬ 
tions, stating: “True ripple-marks must, how’ever, not be mistaken for it 
[the friction rippling] in rocks showing slaty cleavage in argillaceous 
layers. For an interesting discussion see Krause, Mtschr. Deutsch. 
Geol. Ges. Monatsberichte, 1911, p. 196-202.” 

There is one specific case in w'hich cleavage developed by differential 
movement between beds in a fold is the reverse of the general rule. 
This exception is found in domal folding where the deforming stress, 



FEATURES OF METAMORPHOSED ROCKS 


445 


acting from below, forces the underbed of a pair to slide upward relative 
to the overlying bed (Fig. 395). More or less faulting is associated with 


// 


^ I ? ^ Feet 

0 I Meters 

394«~DetaU of east limb and axis of Napoleon anticline at surface. Golden Square, Bendigo. 
Australia. (Sa, sandstone; Sly slate; Lem, laminated sandstone.) The two main beds of the diagram 
consist of the same tripartite succession—sandstone at the base, laminated sandstone in the middle, and 
slate (shale) at the top. The cleavage changes attitude sharply in passing from one ty\)c of lithology* to 
another. Prominent fissures and fracture cleavage are well developed in the sandstone but do not 
extend into the laminated sandstone. Flow cleavage (axial-plane cleavage), with almost vertical dip, 
characterizes the slaty layers. On the flank of the fold the fracture cleavage has an inclination of about 
46^, whereas the flow cleavage is essentially vertical. Inasmuch as the beds have been thickened some¬ 
what along the crest of the fold, deformation is most intense there. (Arts, 276, 277.) (Afodified after 
Hm$ and Thomae, 1945, Ecan. Gecloov, 40: 62, F\g. 1.) 

Top of sequence 


Ao, 396,—Normal and reversed fracture cleavage. A. Normal fracture cleavage on the left flank of 
an asymmetrical anticline. The top bed has moved upward relative to the underlying. 5. Reversed 
fracture cleavage in the supposed cryptovolcanic disturbance near Kcntland, Ind., where, in a steeply 
dipping sequence of middle Ordovician limcstonos, the underlying bed moved upward relative to the 
overlying. A small faulted reverse drag fold is indicated in the middle layer. Compare with Figs. 
383 ai\d 384, (Art. 277.) 

this kind of cleavage, and the complication is likely to render it of little 
use for structural work. Cleavage of this sort is associated with reverse 
drag folds in the supposed **cryptovolcanic'^ structure at Kentland, Ind. 
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Top of sequence 
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(Art. 272) and may be expected in other similar structures as well as in 
domal folds produced by laccolithic intrusions. 

278. Suinmary of Foliation, or Cleavage .—Five kinds of foliate struc¬ 
ture are recognized—bedding fissility, bedding foliation, fracture cleav¬ 
age, flow cleavage, and shear cleavage. Of these only fracture and flow 
cleavage are reliable for top and bottom determination. 

The following generalized rules may be set up for the structural use of 
cleavage and bedding as applied by geologists of the so-called Wisconsin 
School.” It should be emphasized in this connection that Van Hise, 
Leith, Mead, and others of the Wisconsin group did most of their work in 
the relatively unaltered sedimentary rocks of the Pre-Cambrian Canadian 
Shield, in which metamorphism has not been so intense as to obliterate all 
the primary sedimentary structures. Although the principles they 
applied and refined—principles, incidentally, that had been developed 
abroad many years before by Heim (1878), Loretz (1882), and others—are 
also quite useful in terranes of intense folding and metamorphism, as in 
the Appalachians and the Scottish Highlands, they cannot be expected to 
give in every case clean-cut answers to structural problems involving 
the more intensely metamorphosed rocks. 

1. Since flow and fracture cleavage tend to parallel the axial plane of 
the fold in which they occur, the former more nearly than the latter, )t 
follows that the trace of bedding on cleavage indicates the approximate 
angle and direction of the pitch of the fold. 

2. Since flow and fracture cleavage indicate the direction of relative 
movement of contiguous beds and since in normal folding the upper of a 
pair of beds moves upward from the synclinal axis toward the anticlinal 
axis, it is possible to determine from the cleavage-bedding relation 
whether a sequence of strata is right side up or overturned. 

3. Since during folding the upper of a pair of beds moves upward 
toward the anticlinal axis relative to the lower, the cleavage-bedding 
relation indicates the observer’s position ^\nth reference to the axial plane 
and this holds for all pitching folds whether viewed in plan or in cross 
section. 

4. In an upright symmetrical fold, cleavage is steeper than bedding 
in every part of the fold, being perpendicular to bedding on the crest and 
approaching but rarely attaining parallelism with bedding on the steepest 
part of the limbs. 

5. In asymmetrical folds with one limb vertical or overturned and m 
overturned symmetrical folds, cleavage is steeper than bedding on the 
normal limb (c/. 4 above), but bedding is steeper than cleavage on the 
overturned limb. 
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6. From 4 and 5 it follows that 

a. If cleavage dips more steeply than bedding and in the same direc¬ 
tion, the beds are right side up and the cleavage direction, if continued 
into the top bed, indicates the direction in which that bed slipped as it 
moved toward the anticlinal axis. 

b. If cleavage dips more steeply than bedding but in the opposite 
direction, the upper surface of the bed is the top side and the cleavage 
direction, if continued into the top bed, indicates the direction in which 
that bed slipped as it moved toward the anticlinal axis. 

c. If bedding is steeper than cleavage, the beds are overturned and 
the continuation of cleavage direction into the upper bed indicates the 
direction in which that bed slipped as it moved toward the anticlinal axis. 

d. If bedding and cleavage are perpendicular and vertical or steeply 
inclined, it is not possible to determine the top and bottom since the 
exposure shows the crest of a fold. In this case, a few steps in one direc¬ 
tion or another along the strike of the bedding should suffice to determine 
whether the fold is an anticline or syncline. 

Only the simple cases of cleavage have been considered in formulating 
the above rules. If later deformation attended by metamorphism has 
affected an earlier system of cleavage, the structure of the resulting rock 
may be too complex for the original cleavage to have any top and bottom 
significance. 

Cleavage surfaces commonly are the only partings in metamorphosed 
rocks, and it is on them that sedimentary features of many kinds should 
be sought. In viewing these features, however, it must be kept in mind 
that one is observing a section which is inclined to the plane of stratifica¬ 
tion. Only in this way can one avoid misinterpreting features that 
appear to be distorted or out of proportion. 

279. Tension Cracks. —At least one type of tension crack in deformed 
beds can be used indirectly for top and bottom determination. It 
consists of open, thinly lenticular gashes which incline in a direction 
opposite to that of fracture cleavage (Figs. 382J?, 391, 396). These 
characteristically shaped cracks, commonly made conspicuous by a quartz 
filling, are usually best developed in relatively competent materials such 
as thin quartzite beds or the pebbles and small boulders of conglomeratic 
layers. They are widely spaced as a rule and usually do not extend com¬ 
pletely to the margin of the bed or pebble. They are commonly associ¬ 
ated with fracture cleavage but can be differentiated from it by the fact 
that they are open cracks and incline in the opposite direction. 

Mead (1920:512-513), in deforming a paraffin-coated rubber sheet 
by shearing, found that ‘Hhe first fractures to appear in any one locality 



448 


SEQUENCE IN LAYERED ROCKS 



A B 


Fto. 396.—Tension cracks in pebbles and brittle layers. A. Cross section of tilted clastic sedimentary 
rocks showing tension cracks in a quartzite layer and in some of the pebbles and boulders of a con¬ 
glomerate. Arrows indicate the dilTercntial movement between beds. The trace of the tension cracks 
inclines in a direction opposite that of fracture cleavage. B. Enlarged sketch of a small part of the 
conglomerate of A, showing the nature and relations of tension cracks in the pebbles. Not all pebbles 
have cracks, and larger boulders generally lack the feature altogether. It is the general rule that tension 
cracks do not reach to the periphery of the pebble or to the margin of the layer in which they occur. 
Scattered tension cracks are also to be expected in the main body of the conglomerate, but they are not 
likely to have the characteristic form of a lenticular cleft. Fracture cleavage is here shown to have a 
vertical orientation, pointing in the direction of movement, whereas the tension clefts are inclined in the 
opposite direction, pointing against the direction of movement between beds. A further difference 
between the two features is that the foliations of fracture cleavage are relatively closely spaced, whereas 
tension clefts are widely spaced. The latter arc also commonly filled with quartz or some other intro¬ 
duced mineral. (Art. 279.) {Skttches bcBtd on BUQgt$liono by //. IF. Fair&oim.) 



Fio. 397.—Horizontal layer of fine sand in a massive conglomerate showing prominent fracture cleavag® 
dipping about 31® to the northeast. Steeply inclined tension joints dip to the southwest. The arrows 
indicate the relative movement between beds. The sketch is based on an exposure of Carboniferous 
Roxbury conglomerate along the Hammond Pond Parkway, Newrton, Mass. (Art. 279.) 
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on the rubber sheet are usually tension cracks inclined about 45® to the 
direction of the shearing movement. These are at right angles to the 
direction of maximum elongation and appear as vertical open cracks.” 
This observation probably explains why the tension cracks are usually 
found in competent rocks, inasmuch as these fail early in the shearing. 

Tension cracks of this type were called to the attention of the author 
many years ago by Prof. C. K. Leith^ and Prof. W. J. Mead, and recently 
Prof. H. W. Fairbairn informed him that he had used them to determine 
direction of differential movement between beds. From this observation 
Professor Fairbairn determined the top and bottom of beds in the 
Sutton Mountains of Quebec and in the Patricia district of Ontario. 
The cracks are present in parts of the Lower Cambrian Oak Hill series of 
quartzites and pebble beds in the Sutton Mountains and in the Pre- 
Cambrian Shabu sedimentary series consisting ”... largely of clastic 
material ranging from boulder conglomerate to fine graywacke and slate” 
[Fairbairn (1936: 071)]. Tension cracks of the type here discussed are 
also well developed in certain brittle beds of the Carboniferous Roxbury 
conglomerate south of Boston (Fig. 397). 

It is of added interest that this same feature develops on a microscopic 
scale, as described and illustrated by Sander (1930: 222-225). He reports 
such tension cracks in quartz layers in schists, limestone layers in phyl- 
lites, and garnets in garnetiferous schists.^ Sander did not discuss the 
significance of these cracks with reference to their use in interpreting 
structural relations, but there is every reason to expect that such cracks 
in minerals and thin quartz bands should correlate with megascopic 
openings of the same sort. 

* See Leith (1923: 154-155) for description and illustration of this feature. 

* Professor H. \V. Fairbairn informs the author that he has seen similar tension 
cracks having the form of fine hairlike gashes in elongate quartz masses surrounded 
by less competent foliated minerals (e.g., mica). 
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A 

Accessory minerals, 89 
in Galesville sandstone, 89 
in Ironton sandstone, 89 
in Jordan sandstone, 89 
in Madison sandstone, 89 
volumetric variation in, 89 
Accretionary lapilli, 13 
Admiral formation, cephalopods in, 42 
Agates, water-level, 377 
Alamogordo member, bioherrns in, 299 
Algal structures, 286-290 
in Belt series, 289 
bun-shaped, 289, 290 
columnar, 290 

compared with wave ripple-mark, 121 
conical, 287, 289 
dentate, 289, 290 
versus fucoids, 188 
in Kona dolostone, 287, 288 
in Otavi system, 289, 290 
in Pre-Cambrian rocks, 287, 289 
Allegheny sandstones, rill marks in, 131 
Allentown formation, oolites in, 283-284, 

286 

Amygdales (see Amygdules), 354 
Amygdaloids, microscopic, 8 
Amygdules, 328, 34(^356 
in Brighton flows, 380 
chalcedonic, in Columbia River ba¬ 
salts, 380 

in Columbia River basalts, 379, 380 
complete, 328, 350, 376 
composite, 328, 350, 376, 380 
bipartite nature of, 380 
incomplete, 328, 350, 376, 377, 380 
M indexes of top and bottom, 377 
pipe, 352-355 
bent, 354 
references to, 355 
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Amygdules, references to, 355, 451 
secondary, 386 
spheroidal, 351 
spike, 352 
in tilted flows, 380 
tubular, 352 

use of, for top and bottom determina¬ 
tion, 352 

Anchorage stones, furrows produced by, 

173 

^Vnhydrite, rhythmically laminated, 90 
Anhydrock, definition of, 65 
rhythmically laminated, 90 
Antidune, definition of, 112 
in Posidonomya formation, 113 
ripple-mark, 112 

Appin quartzite, cross-lamination in, 246 
Arcentc member, 299 
Archean rocks of Finland, ripple-mark 
in, 97 

Arenicola, burrows of, 184 
Arenicolites, 183, 184 
burrows of, 183, 184 
chemungeruiis, 184 
Arkose, definition of, 65 
Artkrophycus, 175, 176, 177 
alleghaniensis, 176 
mode of formation of, 176-177 
Arthropods, buried alive, 302 
Balanus, 302 

Calymene, in Racine dolostone, 302 
trilobitcs, 302 

Artinskian, cephalopoda in, 42 
Ash, volcanic, 330-331, 356 
at bottom of flows, 356 
deposits of, 330-331 
textural variation in, 330-331 
at top of flows, 356 
Ashstonc, definition of, 65 
Atoka sandstone, clastic dikes in, 215 
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Airijpa, burial of shells of, 314 
Avon River limestone, 90 

B 

Balls, mud, 331-334 

in pyroclastic deposits, 331-334 
in sandstone, 439 

Balls, tuff, in pyroclastic deposits, 331 
Banded dirts, 84 

Banding, in sedimentary rocks, 76, 86-87 
in asphalt, 87 

rhythmic, in Franciscan radiolarian 
cherts, 86 

seasonal, in carbonaceous sandstone, 
76 

in Dakota sandstone, 87 
in Fraser River delta, 87 
in silicified argillites, 87 
in whetstone, 87 

Baraboo quartzite, cleavage in, 440, 
442, 443 

scour and fill in, 231 
Bauxite, in Arkansas, 52 
on Bintan Island, 52 
Beach cusps, 98 

Beaches, features made on, 127-128 
in Medina sandstone, 128 
by tidal streams, 127 
by waves, 127 

Bearpaw shale, clastic dikes in, 215 
Beairicia, 298 
Bed, dcBnition of, 5, 6, 10 
Bedding, causes of, 10 
classification of, 10 
compound forcset, 247-248 
in Coconino sandstone, 248 
in Horton-Windsor series, 248 
in Parting quartzite, 248 
in Pleistocene outwash deposits, 248 
detection of, 10, 13 
in deformed rocks, 13 
in metamorphosed rocks, 13 
in undeformed rocks, 10 
determination of 9, 13 
nature of, 10 
origin of, 10 
traces of, 14 
types of, 242-243 
cross-, 242 


Bedding, types of, current, 242 
diagonal, 242 
false, 242 
foreset, 242 
inclined, 242 
oblique, 243 
torrential, 242, 243, 246 
{See also Cross-lamination) 

Bedding, graded, 31, 64 
causes of, 78 
definition of, 31, 78 
first use of, 82 
interrupted, 84 

in Wamsutta red beds, 84 
microscopic, 8 

occurrence of, in Cambridge forma¬ 
tion, 80 

in Dalradian rocks, 80 
in Gowganda formation, 83 
in Halifax formation, 8, 80, 83 
in Nassau formation, 83 
in Prichard beds, 8 
in pyroclastics, 331 
in Scottish Highlands, 82 
in Seine elastics, 83 
in volcanic ash, 81 
in Yellowknife group, 81 
principle of, 78 
references to, 82, 450 
rhythmic, 79 
rhythmic, 79, 86, 87 
in Franciscan radiolarian cherts, 86 
in Kekekabi formation, 30 
miscellaneous types of, 86 
in Monterey shale, 87 
in Nassau formation, 83 

Beds, types of, 243, 384, 386 
bottomset, 243 
foreset, 243 

interflow forest, 384-386 
topset, 243 

Beekmantown limestone, clastic dikes in, 
213 

Belly River formation, clastic dikes in, 
215 

Belt series, 20, 34, 193, 194, 289 
algal structures in, 289 
in Coeur d’Alene district, 20 
mud cracks in, 193, 194 
pit and mound structure in, 134 
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Belt series, ripple-mark in, 97 
sand-mud rhythms in, 34 
Big Obsidian flow, 357 
Biocoenose, definition of, 285 
Bioherms, 50, 186, 287-291, 299, 451 
algal, in Kona dolostone, 287, 288 
borings in, 186 
cavities in, 281, 282 
of CoUenia spissa, 289 
cryptozoan, 291 

facies of, in Alamogordo facies, 299 
initial dips around, 16 
references to, 298, 451 
stylolites in flanks of, 241 
Biostroraes, algal, 289, 291-293 
of CoUenia spissa, 289 
cryptozoan, 291 
deformed, 292-293 
in Middle Cambrian strata, 291 
in Windsor formation, 289, 292 
Black River limestone, mud-crack fillings 
in, 200 

worm burrows in, 182 
Bole between lava flows, 385 
Bombs, volcanic, 156, 334-335 
in ash deposits, 334-335 
burial relations of, 334-335 
embedded in ash and tuff, 156 
on lava flows, 334 
sag produced by, 335 
Bonaventure elastics, 219 
Bone beds, in Columbus limestone, 230, 
312 

Rhaetic, 187 

Borings, 181, 185-186, 301, 303 
in bioherms, 186 
of echinoderms, 185 
of Helix, 185 
of mollusks, 185, 301 
in pebbles, 186 
references to, 451 
of sponges, 185 

along unconformities, 185, 301 
Bottoms, of lava flows, 348, 357-358 
chilled, 348 
features on, 357-358 
vesicular, 348 
smothered, 307-311 
by gelatinous silica, 309-311 
by mud, 307 


Bottomset beds, 243 
Boulders, 11, 85, 152-155, 169, 170 
buried, 169, 170 

dropped into soft sediments, 152-153 
embedded in limestones, 155 
embedded in mud deposits. 153 
embedded in sand deposits, 153, 154 
entangled in tree roots, 153 
erratic, in varved sediments, 85 
in Gowganda formation, 155 
ice-rafted, 153 

imbricate, in conglomerates, 11 
plant-rafted, 153 

Brachiopods, buried in growth position, 
299 

geodized, 326 
growth positions of, 300 
Bradford sandstone, microscopic cross- 
lamination in, 8 
Breccias, 68, 356-357, 392 
at bottom of flows, 356, 357 
cross-bedded flow, 392 
at top of flows, 356, 357 
weathering, 68 

{See also Sharpstone conglomerates) 
Brecciation, intraformational, 276-277 
in Cambridge slate, 276 
in Espanola formation, 277 
in Kokomo limestone, 276 
penecontemporaneous, 262 
in St. Louis limestone, 262 
Brighton flows, amygdules in, 380 
basal inclusions in, 390, 391 
Cambridge slate blocks in, 390, 391 
Broken Hill, Australia, pseudograda- 
tional bedding at, 422 
BrontosauT^, footprints of, 179 
Bubble aggregations, 392 
Bubble trains, 352, 355 
Bubbles, mud, in Cincinnati rocks, 145 
impressions of, 145 

Bubbles, vapor, in inclusions, 374, 375 
trapped in igneous rock, 329 
Buniaatus ioxus, burial of, 318 
Buntersandstein, ventifacts in, 170 
Burgess shale, gastropods in, 301 
Scenella varians buried alive in, 301 
Burial, of concave hard parts, 313 
of convex hard parts, 313 
in growth position, 297-299, 318 
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Burial, in growth position, of brachio- 
pods, 299 
of corals, 297, 298 

of gastropods {Scenella varians), 301 
of stromatoporoids, 297 
of trilobites, 318 
Burials, random, 310 
Buried hills, initial dips around, 16 
Buried inorganic structures and objects, 
references to, 451 
Buried objects, 450 

Buried organic structures, references to, 
451 

Burlington limestone, stylolites in, 240 
Burrows, 181, 182, 303 
of Arenicoliies, 183, 184 
of brachiopods, 181 
of clams, 181, 301 
in Olentangy shale, 175 
references to, 451 
relations of, to substratum, 182 
of sand hoppers, 184 
of Scolithus, 183 
of worms, 182, 184 
Bushveld complex, 414 
Byron dolostone, 193, 200-201, 238, 312 
calcitic fillings of mud cracks in, 200, 
201 

collapse features in, 238 
mud cracks in, 193, 200, 201 
shell heaps in, 312 

C 

Caballero formation, 299 
Calamiles, buried in situ, 296 
differentially eroded examples of, 319 
stanleyensis, 319 

Calapooya formation, shale pellets in, 439 
Caldwell quartzite, reversed textural 
gradation in, 78-79 

Caliche, association of, with unconformi¬ 
ties, 49, 51 

Cambridge slate, contorted layers in, 268, 
270 

ice crystal imprints in, 151 
incomplete current ripples in, 270 
incomplete wave ripples in, 122 
intraformational corrugation in, 276 


Cambridge slate, penecontemporaneous 
deformation in, 268, 270, 276 
pit and mound structure in, 134, 135 
scour and fill in, 234 
subaqueous flowage in, 276 
Cape Spencer flows, 385, 401, 402, 405, 
407 

compositional profile in, 402 
glass concentration in top of, 401 
iron concentration in top of, 401 
specific gravity profile in, 385, 405 
textural profile in, 407 
weathered zone in, 385 
Carlilc shale, 213 
Carters limestone, 225 
Castile salinastone, 90 
Castings, 185 
Casts of crystals, 146 
Caves, in Everton limestone, 226 
in lava flows, 383 
sand-filled, 226 

Cavities, in algal limestones, 322-324 
fillings of, 323-324 
from burned out roots, 181 
complete fillings of, 2, 4, 321 
composite fillings, 2, 4, 322 
under convex shells, 325 
filled, 4, 281, 321-322 
in Joliet limestone, 227 
geodized, 321, 322 
incomplete fillings of, 2, 3 
in lavas, 375, 426 
fillings of, 375 
in pillows, 381 

open, along bedding plane, 172-173 
in pitchstone, 427, 428 
in Pre-Cambrian lavas, 381 
quartz eyes in, 381 
primary, 2, 281, 282 
in pillows, 381 
in squeeze-ups, 381, 382 
produced by hydrothermal action, 426 
in rocks of Swiss Alps, 428 
secondary, 2, 228, 281, 284 
in Wasatch limestone, 282, 283 
in Windsor limestone, 282 
in Wisconsin bioherms, 281, 282 
Cedar Valley limestone, clastic dikes in. 
216 
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Center country, relation of cleavage to, 
444 

Cephalopods, sutures of, used to deter¬ 
mine faunal succession, 42 
Chadron formation, conglomerate in, 231 
scour and fill in, 231 
Chalazoidites in pyroclastic deposits, 331 
Channel fillings, 76, 226, 237, 311-312 
in coal seams, 237 
counterparts of, 312 
in Oneota dolostone, 226 
of St. Peter sandstone, 226 
in shale, 237 
Channels, erosional, 237 
sand-filled, 223 

Chemung formation, worm burrows in, 
184 

Chert, residual, 67 
Chorellopsis, bavarica, 286 
coloniata, 324 
cavities made by, 324 
in Wasatch limestone, 324 
Clasolite (a clastic vein), 372 
Clastic dikes (see Dikes, clastic) 
Clathrodictyon, 298 
Clay, dunes of, 95 
ripples of, 96 

Claystone, definition of, 65 
Clayton limestone, sinkholes in, 227 
Cleavage, 429 
axial-plane, 436, 438 
in Baraboo quartzite, 442 
in Bendigo gold field, 438, 445 
in competent and incompetent beds, 
436, 437 

in domal folding, 444 
flow, 436, 437 
identification of, 440 
references to, 22-23, 452 
fracture, 435 

in Baraboo quartzite, 443 
in center country, 444 
contrasted with cross-lamination, 
444 

in cryptovolcanic structures, 445 
in Diableret nappe, 441 
in Dwyka tillite, 441 
identification of, 440 
references to, 22-23, 452 
in Roxbury conglomerate, 448 


Cleavage, load, 453 
microscopic, 8 
in Pre-Cambrian rocks, 438 
preferential development of, 440-443 
in Baraboo quartzite, 442 
in Coutchiching rocks, 442, 443 
in graded beds, 442, 443 
in Lowville formation, 440 
principles of, 446-447 
references to, 22-23, 437, 452 
relation to bedding and to folds, 437 
shear, 436 
types of, 435-438 
use in structural geolog}', 446-447 
in Wamsutta red beds, 438 
in Wildhorn napple, 438 
Cleavage surfaces, features on, 9 
Climactichnites, 174 
in Potsdam sandstone, 174, 303, 304 
mlsoniy 303-304 

Clyde formation, cephalopods in, 42 
Coal, 65 

references to, 76 
Ck>al basins, 76 

Ck)al beds, compositional variation in, 76 
floor of, 74-75 

relations of, to contiguous strata, 75, 76 
roof of, 74-75 

in typical cyclothem, 74-75 
Coal sequences, characteristics of, 74 
North .\merican, 75 
inverted, in Pennsylvania, 75 
0)balt series, microscopic cracks in, 198 
Coconino sandstone, aeolian ripple-mark 
in, 101 

amphibian tracks in, 180 
compound foreset bedding in, 248 
cross-lamination in, 248 
current ripple-mark in, 101 
footprints in, 174 
foreset beds in, 44 
raindrop impressions in, 140 
slump mark in, 107 

Coeur d’Alene district. Belt series in, 20 
use of top and bottom features in, 20 
Collapse features, in lava flows, 383 
in Byron dolostone, 238 
CoHeniay biostromes of, 287, 289 
spisia, 289 

stromatolites of, 287, 289 
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Colonnade, definition of, 407, 408 
Columbia River lavas, 388 
chalcedonic amygdules in, 380 
conglomerates interbedded with, 388 
eroded crevices in, 388 
red tops in, 402 

Columbus limestone, bone pockets in, 
230, 312 

Columnar sections, use of, in determining 
lithological facies, 27, 29 
use of, in structural work, 27, 29 
Columnaria, 298 

Composite fillings of cavities, 322 
Composition, plane of, 3, 306, 320, 324 
Concretions, buried, 167, 168 
coprolitic, 167 
in Green River shale, 167 
with slickensided surfaces, 167 
syngenetic, 167, 168 
Cones, spatter, 368, 369 
Conglomerates, in Chadron formation, 
231 

interbedded with lavas, 388 
intraformational sharpstone, curv'od 
plates in, 208 
formation of, 70 
in Lodi shale, 277 
occurrence of, 276 

resulting from mud-cracking, 208, 
209 

in Vermont Cambrian formations, 
276 

references to, 22-23, 450 
textural variation in, 64 
types of, 64, 66, 67, 70-74, 276-277 
basal, 64, 66, 67, 72 
edgewise, 70, 71 

intraformational, 70, 208, 276, 277 
mixedstone, 72-74 
plaster, 72 

residual basal, 66, 72, 73 
roundstone, 65, 72, 73 
sharpstone, 65, 71 
uneven base of, 66 

Contacts, between flows and ash deposits, 
390 

Coprolites, 185, 187, 304, 305 
in Green River shale, 187 
in Kokomo limestone, 187 
in Rhaetic beds, 304, 305 


Coralla, buried in growth position, 297, 
298 

Cores, drill, false bedding in, 17 
Correlation, by means of fossils, 40, 
450 

references to, 450 

Corrugation, intraformational, 271, 273- 
275 

association of, with thrust faults, 272- 
273 

examples of, 264, 273-275 
in foreset beds, 273 
formation of, 271-275 
in Green River shale, 273 
Corrugation, laminar, 263 
in salinastones, 263 
Counterparts, of trails, 175 
of wave ripple-mark, 120 
Coutchiching rocks, fracture cleavage in, 

443 

graded bedding in, 443 
Cracks, caused by earthquakes, 188 
caused by weathering and erosion, 188 

373 

compaction, 188, 189 
desiccation, 188, 189 
frost, 210 
ice, 188, 210 
mud, 189 

(<5ee also Mud cracks) 
occurrence of, 219, 373-374 

associated with pressure ridges, 
373-374 

in lava surfaces, 373 
in Merkel formation, 219 
in Yazoo clay, 219 
references to, 22-23, 451 
shrinkage, 188, 189 
sun, 189 

surficial, 188, 329, 370 
tension, 447-449 

in brittle layers, 448, 449 
in competent rocks, 449 
in garnets, 449 
in limestones, 449 
in pebbles, 448 
in quartz layers in schist, 449 
in quartzite, 449 
thermal, 372 
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Craters, made by hailstones, 95 
made by raindrops, 95 
Criteria, of succession, references to, 450 
Cross-lamination, association of, with 
ripple-mark, 105 

compared, with fracture cleavage, 444 
wth monoclinal structure, 16, 250 
definition of, 242 
deformed, in Seine series, 247 
first use of, 251 
formation of, 243, 244 
magnitude of, 250 
microscopic, 7, 8, 250 
in Bradford sandstone, 8 
in Halifax formation, 250 
occurrence of, in aeolian deposits, 248, 
252 

in Appin quartzite, 246 
in beach-dune deposits, 252 
in channel fillings, 245 
in Coconino sandstone, 248 
in delta deposits, 7, 14, 250 
in drill cores, 253 

in Franconia glauconitic sandstone, 

247 

in limestones, 246, 248, 249 
in Me Murray tar sands, 247 
in Navajo sandstone, 252 
in northern Shensi Province, 45, 250 
in Nugush red beds (Russia), 15 
in Permian delta (Russia), 15 
in Potsdam sandstone, 249 
in ripple ridges, 245 
in Supai sandstone, 248 
in Tapeats sandstone, 248 
references to, 22-23, 253, 451 
rocks found in, 253 
shape of units of, 245 
types of, 245 
choppy, 250 
compound forcset, 119 
false, in Franciscan chert, 253 
festoon, 249 
herringbone, 246, 249 
pseudo, due to mica fiakes, 105 
use as top and bottom criterion, 243, 
251 

Cryptophragmus, 298 
Cryptovolcanic structures, reversed 
cleavage in, 445 


Cryptovolcanic structures, reversed drag 
folds in, 445 

Crystal impressions, references to, 451 
Crystal settling, 330 
Crystals, casts of, 146 
impressions of ice, 149-150 
impressions of salt, 147 
pseudomorphs of, 146 
Current bedding, 83 
Current mark, 108, 132 
C>'cles of sedimentation, 32-34 
references to, 34 

tripartite, in Horton series, 32, 33 
Cycles, flow, in Keweenawan lavas, 29 
Cyclic deposition, 30, 36 
Cyclic sedimentation, 7, 8, 22-23, 30, 
34, 36, 295, 450 
Cyclothems, 30, 34-36 
dangers in correlation of, 37 
ideal, 35, 36 
inverted, example of, 38 
occurrence of, in Colorado, 40 
in Kansas, 39 
in Mid-Continent, 39 
in Rocky Mountain region, 39 
in Southern Appalachians, 39 
references to, 450 
sequence of beds in, 35-38 
Cylinders, scoriaceous, in Holyoke dia¬ 
base, 386 

Cylindrical structures transecting sand¬ 
stones, 220-221 
in Ontario, 221 
in Patagonia, 221 

D 

Dakota sandstone, 87 

alternating lignite and sandstone hands 
in, 87 

seasonal banding in, 87 
Dalmanella feriilis, in I^wvillo forma¬ 
tion, 226 

Dalradian rocks, graded bedding in, 80 
pseudogradational bedding in, 424-420 
Debris, organic, incorporated in lava, 396 
Deformation, comparative, principle of, 
26, 58 

definition of, 26 
examples of, 58, 59 



492 


SEQUENCE IN LAYERED ROCKS 


Deformation, by glacial overriding, 266, 
267 

definition of, 26 
in Pleistocene clays, 267 
in Sqnantum tillite, 267 
hard-rock, references to, 452 
penccontemporaneous, 258-262, 274, 
429, 451 

faulting due to, 259, 260 
features formed by, 258, 262-264 
classification of, 262 
nature, occurrence, and use of, 261 
of hydroplastic sediments, 259 
mechanics of, 259 
references to, 22-23, 258, 451 
time of, 259 

soft-rock, references to, 261 
Deformations, basal sandstone, 159, 274 
in Ordovician rocks, 159 
similarity to flow casts, 159 
Delaware limestone, 230 
Delta, cross-lamination in, 15 
in Nugush red beds, 15 
of Fraser River, 78 
references to, 450 
Deposition, cyclic, 30, 36 
environments of, references to, 450 
Deposits, ash-tuff, 338 

basal relations of, 338, 340 
penecontemporaheous deformation 

in, 339 

penccontemporaneous erosion of, 339 
at top of flows, 340 
unconformities in, 339-340 
beach, references to, 450 
lateritic, on lava flows, 385 
pyroclastic, references to, 22-23, 451 
regolithic, on unconformities, 48 
Depressions, inorganically produced, 127 
references to, 451 
organically produced, 173 
references to, 451 

Diableret nappe, fracture cleavage in, 441 
Diana complex, 414, 415 
Diastem, definition of, 45, 46 
Dicellomus, burial position of, 316 
Differentiation, references to, 22-23, 398, 
451 

Differentiation, types of, 330, 398, 403- 
404 


Differentiation, types of, by crystal 
settling, 330, 398, 404 
by crystallization, 330, 398, 404 
gravitative, 398, 403, 404 
by volatile transfer, 330, 398 
Dikes, clastic, 188, 212 
ancient, 213-218 
in basalt, 218 
examples of, 215-216 
in Atoka sandstone, 215 
in Bearpaw shale, 215 
in Belly River formation, 215 
in Cretaceous clay, 215 
in Eocene clays, 215 
in Fall River sandstone, 215 
in Ft. Hays limestone, 216 
in Greenbrier limestone, 215 
in Manlius formation, 218 
in Miocene shales, 215 
in Mowry shale, 215 
in White River beds, 215, 217 
in lava surfaces, 387 
materials in, 212 

mode of formation of, 212, 214, 217, 
218 

by filling of surface fissure, 217 
by substratal intrusion, 213 
references to, 214, 451 
relations of, to invaded rocks, 212 
in sedimentary rocks, 213-218 
as top and bottom criteria, 220 
types of, 212 
pebble, 213 

contrasted with flows, 389 
igneous, differentiation in, 330 
flow structure in, 417 
gravitative separation of minerals 
in, 418 

inclusions in, 417 
internal features of, 417 
references to, 22-23, 451 
Dip, definition of, 17 
determination of, 11 
initial, around buried hills, 321 
Disconfonnity, 44—46, 54 
definition of, 45, 46 
relation to initial dip, 44 
Dolostone, definition of, 65 
Dominican Republic, laterite in, 62 
Dona Ana member, 299 
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Double Mountain formation, cephalopods 
in, 42 

Drag folds, 275, 429-434 
in cryptovolcanic structures, 433, 434 
in domal structures, 433 
false, 275 

produced by folding, 431 
references to, 22-23, 452 
reversed, 433, 434 
in saline plugs, 434 
types of, 431-434 
axial-plane, 431 
congruous, 431 
cross-structure, 433 
incongruous, 431, 433 
normal, 431 
in volcanic plugs, 434 
Dresbaeh sandstone, 71, 88, 89 
imbricated boulders in, 71 
textural variation in, 88 
Dunes of clay, 95 
Duricrust, 51 
Dwyka tillite, 73, 441 
fracture cleavage in, 441 

E 

Ellipsoids, in lava flows, 383 
hollow, 383 

Eluviation, definition of, 54 
horizons of, 54 
types of, 54 
Entablature, 407, 408 
Erosion, of bottoms, by tsunamis, 69 
penecontemporaneous, 69 
agents of, 69 

sharpstones produced by, 69, 70 
Erosion surfaces, features on, 43 
Espanola formation, intraformational 
brecciation in, 277 

Everton limestone, filled sinkholes in, 226 
sand-filled caves in, 226 
Eye and eyebrow structure, 382 

F 

Face, definition of, 17-18 
Facies, biohermal, 299 
determination of, by columnar sec¬ 
tions, 29 


Facies, geosynclinal, 37 
lithologic, principle of, 27, 28 
in Grand Canyon, 28 
regression of, 28 
transgression of, 28 
sedimentary, in conglomerates, 72 
in Pondville conglomerate, 72 
in Wamsutta red beds, 72 
Facing, definition of, 17, 18 
Fall River sandstone, clastic dikes in, 215 
False bedding in drill cores, 17 
False stratification, 14 
Faults, penecontemporaneous, 260, 263, 
265, 268, 270 

Faunal succession, 25, 40, 41-42 
principle of, 25, 41 
use of fossils in determining, 42 
Favosites, 298 

Features, in bases of flows, 38i)-390 
inclusions of country rock, 389-390 
fossil-bearing inclusions, 389 
collapse, 238, 372, 383 
in Byron dolostone, 238 
on surfaces of lava flows, 372, 383 
differentiation, references to, 451 
erosional, 223, 230 
along unconformities, 223 
references to, 450, 451 
formed by penecontemporaneous de¬ 
formation, 258-262 
references to, 258 

general sedimentary, references to, 450 
of sedimentary rocks, 63-325 
internal (within layers), 264 
prodiiccd by compaction, 280 
produced secondarily, 280 
on undersurfaces of layers, 279 
on upper surfaces of layers, 264 
Fecal pellets, 186 
Field specimens, collection of, 18 
Fillings, of borings, 185 
of caves, 228 

in Cedar Valley limestone, 228 
of cavities, 2, 3, 4 
composite, 321, 325 
in brachiopods, 323, 325 
in gastropods, 325 
of hollow organic structures, 320 
in Wasatch limestone, 323 
composite amygdular, 427 
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Fillings, incomplete, 4, 321-325 
in brachiopods, 323 
in gastropods, 325 
as indexes of initial dip, 322-323 
tilted, 321 
uses of, 321 

of mud cracks, 199-201 
in Black River limestone, 200 
calcitic in Byron dolostone, 200, 201 
calcitic in Kokomo limestone, 200 
carnallite, 200 

of primary organic structures, 320 
Fissures, 188, 189, 214 
fillings of, 229 

formed by earthquakes, 188, 214 
formed by vulcanism, 188 
Flabellum, 298 
Flowage, s\ibaqucous, 276 
Flow-and-plunge structure, 242 
Flow breccias, cross-bedded, 392 
Flow easts, 156-161, 264, 451 
counterparts of, 156 
definition of, 156 
examples of, 157-161 
references to, 451 
Flow cleavage, 22-23, 429, 452 
references to, 22-23, 452 
Flow units, 329, 367-368 
contact relations between, 367-368 
relation of, to squeeze-ups, 367 
in Suwanee flow, 368 
Flows, contrasted with dikes, 389 
differentiated, 330, 400 
lava, 340 

amygdules in, 340 
ash deposits at top of, 340 
bipartite jointing in, 407 
caves in, 383 

chilled tops and bottoms of, 328, 348 
collapse features in, 383 
contacts between, 341 
determination of attitude of, 341 
flow wrinkles in, 344-347 
fragmental tops of, 348 
grain-size variation in, 347 
nature of base of, 329-330 
nature of surface of, 329, 342, 343 
aa clinker, 342, 343 
aa rubble, 342, 343 
block lava, 342, 343 


Flows, lava, nature of surface of, glazed 
342, 343 

pahoehoe, 342, 343 
ropy, 342, 347 
references to, 451 

relation of base to substratum, 358 
substratal relations of, 391 
surficial cracks in, 369, 371 
surficial excrescences of, 359 
trees ovenvhelmed by, 358 
tunnels in, 383 
uneven undersurface of, 358 
vesicles in, 340, 349 
vesicular, 350 
vesicular tops of, 348 
zone of baking under, 358 
Folds, anomalous, 280 
linear surface, 263-266 
in Kokomo limestone, 265-266 
references to, 22-23 
Foliation, references to, 452 
types of, axial-plane, 436 
bedding fissility, 435 
bedding foliation, 435 
flow cleavage, 436 
fracture cleavage, 435, 437 
load cleavage, 435 
schistosity, 436 
shear cleavage, 436 
slaty cleavage, 436 
Footprints, 174, 180, 303 
of amphibians, 178, 180 
of Brontosaurus, 179 
in Coconino sandstone, 174 
in Cretaceous coal bed, 178 
of dinosaurs, 178, 179 
in Glen Rose formation, 179 
of mammals, 180 
in Newark sandstone, 179 
in Pennsylvanian sandstone, 178 
of Pseudobradypus unguifer, 178 
Foreset beds, 7, 44, 45, 243 
in Coconino sandstone, 44 
in deltas, .7 

in northern Shensi Province, 44, 45 
Forest beds, 50, 294, 336-337 
between ash falls, 337 
between lava flows, 336, 337 
between till sheets, 50 
Ft. Hays limestone, clastic dikes in, 216 
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Fossils, buried with random orientation, 
305 

differentially eroded, 319-320 
references to, 22-23, 451 
reorientation of, by penecontempo- 
raneous deformation, 306 
use of, for correlation, 40 
in determining faunal succession, 

40 

in determining inverted sequences, 

41 

Fracture cleavage (see Cleavage, frac¬ 
ture) 

Franciscan chert, false cross-lamination 
in, 253 

radiolaria in, 86 
rhythmic banding in, 86 
Franconia formation, 89 
cross-lamination in, 247 
Fraser River delta, seasonal bedding in, 
87 

Fredericksburg formation, incomplete 
ripple-marks in, 108-109 
shell heaps in, 312 
ripple-mark in, 98 
Frost circle, 211 

Fucoides grapkica, an ice crystal imprint, 
149, 188 

in Portage beds, 188 
Fucoids, 187, 188 

contrasted with algal structures, 188 
Fucua, 188 
Fulgurites, 138-139 
Furrows, in Portage beds, 152 
produced by anchorage stones, 173 

G 

GalesviUe sandstone, accessory minerals 
in, 89 

imbricated boulders in, 71 
textural variation in, 88 
Gas pits, 136-138 
in Cambrian sandstone, 137 
Glacial till, unconformities in, 50 
Glasgow School of structural geology, 
20, 425 

Glass, concentration in flow tops, 400 
variation in lava flows, 401 


Glen Rose formation, dinosaur tracks in. 
179 

Gliding, subaqueous, in sediments, 272 
Goodland formation, incomplete wave 
ripples in, 122 

Gorge formation, mud cracks in, 193 
Gowganda formation, boulders in, 154, 
155 

graded bedding in, 83 
Graded bedding (see Bedding, graded) 
Graford formation, cephalopods in, 42 
Graham formation, cephalopods in, 42 
Gravels, lag, ancient, 169 
Graywacke, definition of, 65 
Greenbrier limestone, clastic dikes in, 215 
Green River shale, algal reefs in, 293 
concretions in, 167 
coprolites in, 167, 187 
intraformational corrugation in, 273 
Groove casts, formation of, 163-164 
examples of, 163-165 
in Horton sandstone, 165 
in Portage beds, 164 
nature of, 163-165 
references to, 451 

Growth position, of buried trees, 293-296 
of coelentcrate coralla, 297 
Gumbotil, development of, 53 
Gymnosolen, stromatolite of, 287 
Gyprock, definition of, 65 

H 

Hailstones, imprints of, 143 
volcanic, 331, 333 
Haiti, latcrite in, 52 

Halifax formation, graded bedding in, 8, 
80, 83 

Halysites, 298 
Head, definition of, 161 
Heads of coelenterates, buried in growth 
position, 297 
Helix, borings of, 185 
Hermitage formation, sinkholes in, 225 
Heaperorthia, burial of shells of, 314 
Hickory sandstone, ventifacts in, 170 
Hindostan whetstone, 77 
Holyoke diabase, scoriaceous cylinders 
in, 386 
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Horizons of a soil profile, 54, 55 
C horizon, 54, 55 
eluviated (A), 54, 55 
illuviated (B), 54, 55 
Horton Bluff formation, 15, 104 
Horton sandstone, flow cast in, 157-158 
groove casts in, 105 
rill marks in, 131 
ripple-mark in, 104 

tripartite cycles of sedimentation in, 
32, 33 

wave ripples in, 120 
Huronian strata, ripple marks in. 97 
Hydroplastic, definition of, 152, 259 

I 

Igneous rocks, features of, 327-418 
intrusive bodies of, 409 
marginal relations of plutons, 409 
rhythmic differential settling in, 409 
roof pendants in, 410 
unconformable relations of sediments 
to, 410 

xenoliths in, 410 
Iguanodon, in fissure filling, 229 
Illawara coal measures, stone rolls in, 281 
Imbricate shell fragments, in Racine 
dolostone, 319 

Imbricate structure of pebbles and 
boulders, 71, 255, 256 
at base of conglomerates, 71 
in conglomerates, 11, 254 
formation of, 254-255 
in Pre-Cambrian conglomerates, 256 
in Upper Cambrian strata, 71 
in Wamsutta elastics, 255 
Impressions, 139 
of ice crystals, 149, 151 
in Cambridge slate, 151 
made by bubbles, 143, 145 
counterparts of, 143 
made by drifting objects, 145 
made by floating objects, 145 
of raindrops, in Coconino sandstone, 
140 

references to, 451 
of sedentary animals, 303 
(See also Imprints) 

Imprints, 139 

of artificial ice crystals, 149-150 


Imprints, of crystals, 146 
of hailstones, 141, 143 
of ice crystals, 149, 150 
references to, 151-152 
relation of, to Fucoides graphica, 149, 
150 

of raindrops, 141, 142, 144 
counterparts of, 141, 142 
references to, 141, 451 
(iSce also Impressions) 

Inclusions, in base of lava flows, 390, 391 
in Brighton flows, 390 
in Lynn voicanics, 390 
Incomplete fillings, 4 
Incrustations, of alkali salts, 51 
of aluminous substances, 51 
of ferriferous substances, 51 
on regional unconformities, 51 
surficial, 16 

Indexes of ripple marks, 94 
Initial dip, 2, 16 
around bioherms, 16 
around buried hills, 16 
relation of, to disconformity, 44 
Intrusion, igneous, definition of, 25 
examples of, 57 
principle of, 57 
references to, 22-23, 451 
relations of, to host rock, 57-58 
Invertebrates buried alive, 296 
Iron content in lava flows, 401, 403 
in Snake River Lava Plain, 403 
variation of, 401, 403 < 

Ironstone, definition of, 65 
Ironton formation, accessory minerals in, 
89 

textural variation in, 88, 89 
Isotelus gigas, burial position of, 318 

J 

Jamaica, laterite in, 52 
Jointing, bipartite and tripartite, 330 
in flow units, 368 
in sills and flows, 330 
variation of, in lava flows, 407 
Joliet limestone, filled cavities in, 227 
Jordan sandstone, accessory minerals ui, 

89 

textural variation in, 89 
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K 

Karst, ancient and buried, 56, 69, 227 
features on, 56 
residual soil and chert on, 69 
Karst surfaces, ancient and buried, 46, 
69. 224. 227 
features on, 56 
residual soil and chert on, 69 
Kekekabi formation, rhythmic bedding 
in, 30 

Kennetcook limestone, 90 
Keweenawan flows, amygdules in, 353 
basal vesicular zone in, 353, 356 
flow cycles in, 29 
red tops in, 401 
specific gravity profiles in, 405 
vesicles in, 353 

Kintla formation, crystal casts in, 147 
Knife Lake slates, drag folds in. 432 
Koko luff, unconformity in, 339 
Kokomo limestone, calcitic fillings of 
mud cracks in, 200 
coprolites in, 187 

intraformational brecciation in, 276 
mud cracks in, 200 
sinkholes in, 220 

stranded brachiopod shells in, 206 
Kona dolostone, algal structures in, 287, 
288 

L 

Lamina, definition of, 5, 6, 10 
Laminae, ripple, 254 

Lamotte limestone, Slrotnatoveriuni in, 

298 

Landscape marble, 264, 277-278 
formation of, 278 
Lapilli, accretionary, 331 
Latcrite, ferro-aluminous, 52 
Lateritic iron ores, 52 
Lava, grooved, 369 

"shark's-tooth” structure in, 369 
Lava-cast forest, lava trees in, 397 
Lava flows, classification of, 342, 343 
references to, 22-23, 451 
Lava fragments embedded in ash and 
tuff, 156 

Lavas, ellipsoidal, 365 (see Lava, pillow) 


Lavas, pillow’, amygdaloidal margins of 
pillow’s in, 366 
in ancient rocks, 361 
conditions of formation of, 363 
definition of, 362, 363 
descriptions of, 369-361 
in dikes, 362 
false, 366 

in intrusive rocks, 362 
lenses of quartz in, 365 
microscopic, 361 
nature of rock developed in, 361 
origin of, 362 

references to, 22-23, 359, 364, 451 
shapes of pillows in, 360-361, 364, 
365 

relation of, to top of flow, 364 
vesicles in pillows of, 365 
surfaces of, 342 
Layer, definition of, 5, 6 
Layers, contorted and brecciated, 264, 
268-270 

examples of, 268, 270 
in Cambridge slate, 268, 270 
in Ix)udon varved rock, 270 
in Pleistocene lacustrine clays. 270 
in Pre-Cambrian varved rocks, 270 
types of, 269 
Lebanon limestone, 225 
Lenses, brecciated, 70 
Leonard formation, cephalopods in, 42 
Lepiodendron buried upright, 295 
Limestone, definition of, 65 
quartz-flooded, 87 
Lingula, 299 

Lithologic sequences, references to, 450 
Lithologic succession, 26 
Little Bear residuum, 52 
Ix)di shale, merostomes in, 302 

intraformational sharpstono conglom¬ 
erates in, 277 
Ix>ipon, definition of, 52 
Ix)udon formation, contorted layers in, 
270 

Lowville formation, cleavage in, 440 
Lueders formation, bone pockets in, 
229 

Lugnr sill, 413 

Lynn volcanics, granite blocks in, 390 
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M 

-McCartys flow, 329, 367. 368, 370 
bulbous squeeze-ups in, 367, 368 
grooved squeeze-ups in, 367 
pressure ridges in. 32!). 368. 370 
McKim graywaeke, 56 
pscudogradational bedding in, 275 
MfMurray tar sands, cross-lamination 
in, 247 

McXairy sand, intraformational corruga¬ 
tion in, 275 

Madison limestone, sinkholes in, 226 
Madison sandstone, accessory minerals 
in, 89 

textural variation in, 89 
Magnetite concentration in tops of flows, 
400, 401 

Manlius limestone, clastic dikes in, 218 
erosional channels in, 235 
unconformity with Onondaga lime¬ 
stone. 236 

Mansfield sandstone, whetstone in, 77 
Marbles, argillaceous layers in, 12 
layers of schist in, II 
Margins, chilled, of lava flows, 348 
Marks, root, 294 
Maxner limestone, 90 
Mayville dolostone, primary cavities in, 
282 

Medina sandstone, beach features in, 
128, 130 

incomplete wave ripples in, 122 
mud cracks in, 193 
ripple-mark in, 98 
stranded brachiopod shells in, 296 
Megacyclothems, 34. 37 
Merkel formation, clastic dikes in, 219 
cracks in, 219 
ripple-mark in, 98 
Merom sandstone, coal basin in. 76 
Merostomes, in Lodi shale, 302 
Metacrysts, in metamorphosed graded 
beds, 421 

Metamorphism, comparative, 26 

in Pre-Cambrian formations, 60, 61 
principle of, 26 

use in determining stratigraphic 
succession, 60, 61 
variation in, 26, 60, 61 


Metamorphism, definition of, 26 
dynamic, 429 
features produced b}”, 429 
features produced by, 420-429 
references to, 22-23, 420, 452 
regional, 420 

reversal of textural gradation by, 420, 
421 

thermal, 420 
Metaripples, 102 

in sediment of Little Miami river, 102 
Mica flakes, as the cause of pseudo cross¬ 
lamination, 105 

orientation of, in sandstones, 12 
relation of, to stratification, 12 
in sandstone, 12 
Micropegmatites, in sills, 414 
Microripples, in Pleistocene varves, 98 
Miller limestone, 90 

Minnclusa formation, unconforniable 
upon Madison limestone, 226 
Mississagi formation, 56, 57 
Molds, composite internal, 323, 324 
incomplete internal, 323, 324 
Molds, tree, 394, 395 
fillings of, 395 
stalactites of lava in, 396 
Mollisol, definition of, 162 
Mollusks, borings of, 301 
buried in living position, 301 
cemented shells of, 301 
Monterej’’ shale, rhythmic bedding in, 87 
Moulds, composite internal, 325 
incomplete internal, 323, 324 
Mowry shale, clastic dikes in, 215 
Mud-crack, conditions for development 
of, 195 

environment of formation of, 195 
first use of, 192 
formation of, 189 
materials affected by, 195 
occurrence of, 209 
references to, 22-23, 451 
Mud-crack polygons, 13 
curvature of, 202, 205 
significance of curv'ature of, 202, 205 
Mud cracks, 192-209 
in Belt series, 193, 194 
in BjTon dolostone, 193, 195, 200, 201 
in Cobalt series, 198 
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Mud cracks, in C’ocur d’Alene district, 
192 

complete, 192, 204 
false, 209 

in Horton sandstone, 209 
fillings of, 190 
first use of, 192 
formed over water, 197 
in Gorge formation, 193 
incomplete, 192, 194, 204 
in Kokomo limestone, 200 
limited, fillings of, 201, 204, 205 
in Roubidoux sandstone, 190, 201, 
205 

in Medina sandstone, 193 
microscopic, in Cobalt scries, 198 
in Platteville limestone, 191 
in Pre-Cambrian elastics, 192 
radiate, 193, 194 
rectangular, 195, 197 
in Byron dolostone, 195, 197 
in Roubidoux sandstone, 190 
in Salado formation, 202 
shape and size of, 192 
in Shinaruinp shale, 195, 199 
in silt, 202 
subaerial, 197, 198 
V-shaped fillings of, 203 
in Wamsutta red beds, 203, 204 
Mud pellets, 12 
Mudflows, ancient, 265 
Mudstone, definition of, 65 

N 

Nassau formation, rJjythmic bedding in, 

83 

graded bedding in, 83 
Navajo sandstone, cross-lamination in, 
252 

Neva formation, ccphalopods in. 42 
New Richmond sandstone, moclifiod 
ripples in, 119 

Newark sandstone, dinosaur footprints 
in, 179 

Newton sandstone, intraforniationul cor¬ 
rugation in, 275 

Niobrara limestone, clastic dikes in. 213 
Nodules, chert, relations of stylolites to, 
168 


Nomenclature, stratigraphic, 6 
Nugush red beds (Permian), cross¬ 
lamination in, 15 

0 

Objects, buried, 166, 335-336, 450-451 
between layers, 166, 450 
inorganic, references to, 451 
organic, references to, 450 
by pyroclastic deposits, 335 
Ocoee quartzite, pseudo ripple-mark in, 
124, 125 

OW/inmm, antiqua, 152 
rad tain, 152 

resemblance of, to frost-stencilling, 152 
Olentangy shale, trails and burrows in, 
175 ’ 

Oneota dolostone, 226, 292 
channel fillings in, 226 
cryptozoan structure in, 292 
Onondaga limestone, unconformity of, 
with Manlius limestone, 236 
Oolites, in Allentown formation, 283-285 
deformed, 440 

relation of, to axial planes of folds, 
440 

relation of, to cleavage, 440 
Oregon, luterite in, 52 
Otavi system, algal structures in, 289, 290 

P 

Palisade complex, 414 
Palisade sill, 411, 412, 413 
Pararipples, 102 

Parnell Hill mine, use of top and Imttoin 
features at, 20 

Parting <iuartzite, compound foreset 
bedding in, 248 
cross-lamination in, 248 
Pebble beds, in slates, 14, 15 
Pebbles, in crushed conglomerates, 15 
in Pleistocene silts, 170 
sohition-faceted, 171, 172 
Pellets, fecal, 186 

Pellets, mud, formation of, 332-333 
in Calapooya formation. 439 
in pyroclastic deposits, 331-334 
in Wamsutta red beds, 439 
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Pellets, shale (see Pellets, mud) 
cleavage in, 43t) 
structural use of, 430 
Penccontcinporaneous deformation {see 
Deformation, penecontemporancous) 
Perrinites, cotnpressus, 42 
cumminsi, 42 
hilli, 42 

Petrified forests, 294 
Pillow lava (see Lavas, pillow) 

Pillows, 320 

Pillow structure, microscopic, 8 
Pipes of sandstone, in limestone, 220 
Pipes, solution, 228 
Pisolites, volcanic, 331 
Pit and mound structure, 132-136 
in Belt scries, 134 
in Cambridge slate, 134-135 
in Prichard formation, 135 
references to, 22-23, 451 
Pitch of folds, 432, 438 
Pits, gas, 13(>“138 

in Cambrian sandstone, 137 
made by ascending currents, 132 
modes of formation of, 140 
spring, 136 
value of, 140 

Plane of composition, 3, 306, 320, 324 
use of, as geological spirit level, 320 
Plates of shale, curved, 20G-208 
formation of, by mud cracking, 206 
in sandstones, 208 
textural gradation in, 207 
in Wamsutta formation, 206, 207 
Platteville limestone, mud cracks in, 191 
quartz flooding in, 87, 88 
Pleistocene clays, deformation in, by 
glacial overriding, 267 
Pleistocene deposits, contorted layers in, 
270 

ventifacts in, 170 

Pleistocene var\’es, microripples in, 98 
Plutons, internal features of, 409 
intrusive relations of, 410 
marginal relations of, 409 
Pockets of bones, in Columbus limestone, 
230, 312 

in Lueders formation, 229 
along unconformities, 229, 312 
Podsol profile, 54, 55 


Polygons, mud-crack, 13 
curvature of, 203, 205 
from limited mud cracking, 203, 205 
Pondville conglomerate, 72 
erosional channels in, 235 
sedimentarv facies in, 72 
Porphyroblasts, in metamorphosed 
graded beds, 421 
Portage beds, fucoids in, 188 
furrows in, 152 
groove casts in, 164 
rill marks in, 131 
swash marks in, 129 

Posidonomya limestone, antidunes in, 113 
Potholes, 230 

Potsdam sandstone, Climactichnites in, 
174, 303-304 
cross-lamination in, 249 
ripple-mark in, 98 

Precipitation, cyclic, of calcium car¬ 
bonate, 31 

Prichard beds, graded bedding in, 8 
pit and mound in, 135 
Principles, of comparative deformation, 26 
of comparative metamorphism, 26 
of faunal succession, 25 
of igneous intrusion, 25 
of lithologic succession, 25 
of stratigraphic succession, 25 
of superposition, 25 
of unconformity, 25 
Profile, compositional, 402, 403 
in lava flows, 402 

produced by gravitative differentia¬ 
tion, 403 

soil, formation of, 54 
horizons of, 54, 55 
specific-gravity, in flows, 405 
Cape Spencer, 405 
Keweenawan, 405 
Triassic, 405 

textural, in flows, 405-407 
Cape Spencer, 407 
Quebec, 406 

Profiles of weathering, in glacial deposits, 
53 

on lava surfaces, 383, 384, 386 
in pre-Horton time, 53 
references to, 451 
below unconformities, 51 



INDEX 


501 


ProperriniteSy bdseiy 42 
plumtneri, 42 

Prout limestone, burrows in, 175 
Pseudo cross-bedding, 105 
Pseudo cross-lamination, 105 
Pseudo ripple-mark, 123 
in Ocoee quartzite, 124, 125 
in Vishnu formation, 123-125 
Pseudo-ripple, 160 

Pseudoanticline, due to pseudostratifica¬ 
tion, 16 

Fseudobradypris unguifer, 178 
Pseudogradational bedding, 420-426 
{See also Graded bedding) 
at Broken Hill, Australia, 422 
in Dalradian rocks of Scotland, 424- 
426 

in McKim graywacke, 422, 423 
in Northwest Territories, Canada, 422 
in Yellowknife formation, 422, 423 
Pseudomorphs of salt crystals, 146-148 
in Roche Miette formation, 147, 148 
Pseudostratification, in Tertiary sand¬ 
stone, 16 

Pumpelly’s rule, 432 
Pushes, 367 

Pyroclastic deposits, references to, 22-23, 
451 

Q 

Quartz eyes, in pillow lavas, 381 
Quartzose sandstone, definition of, 65 
Quicksands, fossil, 136 

cylindrical structures due to, 136 
enclosed by concretions, 221 

R 

Racine dolostone, Calymene in, 302 
imbricate shells in, 319 
trilobites in, 302 
Rafts of sediments, in a sill, 412 
Raindrops, imprints of (see Impressions 
and Imprints, raindrops) 
mud, in pyroclastic deposits, 331 
references to, 451 
Ramsey Lake formation, 56 
Reefs, algal, in Green River shale, 293 
cryptozoan, 286 
organic, references to, 451 


References, citation of, 5 
index to, 5, 450-452 
list of, 453-183 

Regolitli, deposits of, along unconformi¬ 
ties, 49, 50 
on lava flows, 388 
Relief features, inorganic, 22-23 
organic, 22-23 
references to, 22-23, 451 
on surfaces of weatliering and erosion, 
221 

Rensselaer sandstone, slaty cleavage in, 
14 

Rhaetic beds, coprolites in, 187, 305 
Rhythmic bedding {see Bedding, 
rhythmic) 

Rhythmic sedimentation, 7, 64 
microscopic, 7 

{See also Cyclic sedimentation) 
Rliytlimic sequences, of sandstone-shale, 
31-34 

in Belt series, 34 
in Horton formation, 31, 32 
in Stanley elastics, 33 
in Victoria gold fields, 33 
Rliythms, geologic, 30 
suiul-mud, in Belt scries, 34 
of sedimentation, 34 
Ridges, inorganically produced, 127 
references to, 451 
organically produced, 173 
references to, 451 
pressure, 329, 368, 370 
in McCartys basaltic flow, 368, 370 
ripple, nature of, ^J2-93 
Rill marks, 128-131, 451 
in Allegheny sandstones, 131 
counterparts of, 129, 130 
in Horton-Windsor series, 131 
in Portage sandstone, 129, 131 
references to, 451 
resemblance to flow casts, 131 
Ripple formation, 98 
Ripple laminae, 254 
Ripple-mark, 92-127 
acolian, in Coconino sandstone, 101 
antidune, 112 

association of cross-lamination with, 
103 

compound, 116, 117 
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Ripple-mark, current, 99-113 
aeolian. 100-101 
aqueous, 100 
in Avon River, 95 
compared with scour and fill, 104 
cross-banding in, 104 
cross-lamination in, 103 
eroded forms of, 103 
form of, 100 
incomplete, 108-109 

in Fredericksl)urg formation, 108, 
109 

of shell fragments, 108, 10!) 
in Squantum tillite, 109 
in Walnut limestone, 108, 109 
indexes of, 100 
limitation on use of, 96, 111 
linguoid, 102 

mica flakes oriented in, 104, 105 
trough fillings of, 100, 101 
types of, 101-102 
linguoid, 102 
metaripples, 102 
normal. 101 
pararipples, 102 
rhomboid, 102 

use of, for top and bottom determi¬ 
nation, 111 
variation in, 100 

definition of, 92-93 
environment of formation of, 95 
examples of, 97-98 

in Archean rocks of Finland, 97 
in Belt series, 97 
in Fredericksbutg formation, 98 
in Huronian strata, 97 
in Lake Mead, 96 
in Medina sandstone, 98 
in Merkle limestone, 98 
in Mississippian rocks, 98 
in Mt. Ripple, 97, 98 
in Ordovician rocks, 98 
in Pleistocene varves, 98 
in Potsdam sandstone, 98 
in Triassic sandstone, 98 
geologic occurrence of, 97 
incomplete, 108, 109, 270 
interference, 117 
internal structure of, 103 
limitations of use of, 96, 111 


Ripple-mark, mode of formation of, 
95 

mud-buried, 109-111 
in Roxbury conglomerate, 110-111 
nature of, 93-94 
oscillation, 99, 113-127 

chevronlike laminations in, 114, 119, 

122 


compared with algal structure, 121 
counterparts of, 114, 115, 120 
diagrammatic sections of, 114 
form and variations of, 113, 114 
formation of, 113, 114 
incomplete, 122 

in Cambridge slate, 122 
in Goodland limestone, 122 
in Medina sandstone, 122 
interference, 117 
internal structure of, 118, 119 
modified forms of, 114-119 
mud-buried, 122 
profiles of, 114 
superimposed, 99, 119 
textural variation in, 123 
paleogeographic significance of, 96 
preservation of, 95 
profiles of, 93, 114, 118 
pseudo, 123-125 
in Ocoee quartzite, 124, 125 
in Vishnu formation, 125 
references to, 22-23, 96, 450 
reliability of, 93 

use of, in top and bottom determina¬ 
tion, 96 

use of form of, 96, 125 

wave {see Ripple-mark, oscillation) 
Ripples of clay, 95 

Roche Miette formation, crystal imprints 


in, 146-147 

pseudomorphs of salt crystals in, 147, 
148 


Rock units, classification of, 5 


nomenclature 
Rocks, igneous. 


of, 5 

general features of, 327- 


418 

references to, 22-23, 451 
metamorphosed, features of, 428-449 
granitized, 419 
inherited structures in, 419 
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Rocks, metamorphosed, produced by 
thermal metamorphism, 420 
references to, 22-23, 452 
sedimentary, 63-326 
classiheation of, 64, 65 
references to, 22-23, 450 
variability of, 63 
Roof pendant, 58 

Root systems, buried in silu, 207-208 
of blastoids, 297 
of crinoids, 207, 299, 300 
Rothliegendes, ventifacts in, 170 
Roubidoux sandstone, mud cracks in, 
190, 204 
Roundstone, 65 
Roundstone conglomerate, 65 
Roxbury conglomerate, 60, 110, 111, 448 
buried ripple-mark in, 110, 111 
fracture cleavage in, 448 
incomplete ripple marks in, 100 

S 

Ste. Genevieve limestone, 67 
St. Louis limestone, 67, 69, 262 
brccciated chert in, 262 
Saint Peter sandstone, 169, 171, 226 
channel fillings of, 226 
ventifacts in, 169, 171 
Sakmarian, ccphalopods in, 42 
Salado formation, carnalHtc-fillod mud 
cracks in, 202 

Salinastonc, definition of, 65 
laminar cornigation in, 263 
laminated anhydrite in, 90 
sequences, 89, 90 
in Windsor series, 90 
Salt hoppers, in Permian strata, 147-148 
Sand domes, 184 
Sand waves, 99, 112 
regressive, 112 
Sandflows, 265 

Sandstone, normal, definition of, 65 
quartzosc, definition of, 65 
residual basal, 55 
seasonal banding in, 76, 77 
Sandstone roll, 76 
Scalloping, 121, 122 
in comparison with wave ripple-mark, 
122 


Scalloping, structure of, 122 
Scavengers, marine, work of, 286 
Scenello varinns, in Burgess shale, 301 
buried in living position, 301 
Schlieren, in sills, 414 
Srolithus, as an index of deformation. 
183 

burrows of, 183 

Scour and fill. 12, 104, 230-234, 312 
compared with ripple ridges, 104, 233 
deposits found in, 233, 312 
examples of, 231-234 
in Baraboo quartzite, 231 
in Cambridge slate, 234 
in Stanley sandstone, 232 
formation of, 230 
pseudo, in glacial deposits, 234 
scale of development of, 233 
significant features of, 232 
Scouring and backfilling, 12 
Seasonal banding, criteria of, 87 
S(‘diment rafts, 412 

Sedimentary rocks, classification of, 64- 
65 

varv<*d. 85 

Sedimentation, cyclic, 7, 22-23, 34, 31), 
450 

inicro.scoi)ic. 7, 8, 30 
references to examples of, 22-23, 34, 
450 

processes of, references to, 450 
rapidity of, 295 
rhythmic, 7, 64 
Sc'diments, interflow, 387, 388 

varved, references to, 85, 86, 450 
Seine elastics, deformed cros.s-lamiiiati()n 
in, 247 

graded bedding in, 83 
Separation, of concave hard parts, 313 
of convex hard parts, 313 
Soqiicnecs, coal, characteristics of, 74 
lithologic, references to, 450 
rhythmic, of sandstone-shale, 31-34 
saiinnstone, in Windsor series, 89, 90 
of tuff-ash-silicastone, 91 
Settling, of crystals, 404, 418 
in dikes, 418 

Settling, rhythmic differential, 399 
Shafts, in Oligocene limestone, 222 
Shale, definition of, 65 
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Sliale cliips, over santlstoncs, 257 
relation of, to mud-craek, 257 
relation of. to sharpstone layers, 257 
Sliale crescents, in Wamsutta red beds, 

123 

Sharpstone, definition of, 65 
Sharpstone conf^loinerate, 65, 257 
definition of, 65 

Sheets, cravity-stratified, 330, 300, 414- 
416 

examples of, 414-416 
Shell beds, imbricate fragments in, 315, 
310 

Shell heaps, along Byron-Mayvillc con¬ 
tact, 312 

in I'redericksburg limestone, 312 
Shells, brachiopod, geodized, 326 
stranded, in Kokomo limestone, 206 
in Medina sandstone, 206 
Shinarump shale, mud cracks in. 105, 100 
Shrinkage cracks, references to, 22-23,451 
Shintmrdiles, simorulsi, 42 
fornicatiis, 42 
Silicastone. 65, 91 
definition of. 65 
relation of radiolaria to, 91 
relation of tuff to, 01 
Sills. 410-414 

basal olivine layers in, 411, 412, 413 
compositional profiles in, 411, 413 
density variation in, 413 
differentiated, 413, 414, 416-417 
examples of, 413 
features of, 410-411 
inclusions in, 417 
iron variation in, 414 
micropegmatites in upper part of, 414 
references to, 22-23, 451 
relations of, to adjacent rocks, 410 
schlieren in \ipper part of, 414 
textural profiles in, 412 
vugs in upper part of, 414 
xenoliths in, 416, 417 
Sills, differentiated, 330, 400, 410-417 
basal olivine layers in, 411-413 
compositional profiles in, 411, 413 
density variation in, 416 
lithological variation in, 416 
mineralogical variation in, 416 
textural variation in, 416 


Siltstone, definition of, 65 
Sinkholes, in Carlile shale, 227 
in Clayton limestone, 227 
in Everton limestone, 226 
in Hermitage formation, 225 
in Kokomo limestone, 226 
in Madison limestone, 226, 227 
sediment-filled, 222, 225-226, 236 
Slates, ribbon, 79 
Slaty cleavage (sec Cleavage) 

Slump mark, in Coconino sandstone, 107 
Smothered bottoms, 307-310 
Snake Uiver flows, iron variation in, 403 
Soils, ancient residual, on unconformitie.s, 
40 

Sowerhyella, oriented valves of, 315, 316 

Spatter cones, 320, 369 

Spheroids, algal, in Wasatch limestone, 

283 

in Windsor limestone, 283 
Spiracles, 302, 393 
Spirorhis, tubes of, 303 
Spring pits, 136 
Squantvim tillite, 66, 85, 108 

deformation by glacial overriding in, 
267 

incomplete ripple-mark in, 108 
varves associated with, 85 
Squeeze-ups, 320, 366-367 
bulbous, 366, 367 
grooved, 367 

Stanley elastics, rhythmic sequence in, 33 
scour and fill in, 232 
Steptoes, 307, 398 
Stillwater complex, 414, 415 
Stone rolls in Illaw’ara coal measures, 281 
Stones, polygonal networks of, in cold 
regions, 211 
Straticulate, 195 
Stratification, causes of, 10 

detection of, in deformed rocks, 13 
in metamorphosed rocks, 13 
through lines of sedimentary grains, 
13, 14 , 

determination of, 9 
false, 14 

features indicating, 11-13 
nature of, 10 
origin of, 10 

references to, 22-23, 450 
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Stratigraphic sequences, inverted, 27, 29, 
41 

in Alais basin, 41 
in Alps, 27 

in Nova Scotia, 27, 20 
in Scottish Highlands, 27 
Stratigraphic succession, principle of, 25, 
26 

Stratum, definition of, 5, 6 
Strike, determination of, 11 
Stromatocerium, in Lamotte limestone, 

298 

Stromatolites, 286-288, 200, 291, 451 
algal, 287, 291 
cryptozoan, 291 
of Gymnosolen, 287 
Middle Cambrian, 290 
references to, 451 

Structural geology, articles on, 452 
monographs on, 452 
textbooks on, 22-23, 452 
Structure, algal, 286-288 
references to, 451 
{See also Stromatolites) 
columnar, duo to mud-crack, 195 
cryptozoan, in Oneota dolostone, 292 
cylindrical, 136, 220-221 
in Carboniferous limestones, 220 
in Ontario Cambrian sandstone, 130, 
221 

in Paleoccne, 136 
in Patagonia, 221 
digitate, due to mud cracks, 191 
“eye and eyebrow,” 382 
flow-and-plunge, 242 
frozen ground, 161, 264, 279 
references to, 279 
herringbone, 246 
"shark’s-tooth,” in lavas, 369 
Structures, organic, 22-23, 284, 451 
references to, 22-23, 451 
Stump molds, 394 
Stumps, buried in situ, 296, 394 
Stylolites, 239-241 
around bioherms, 241 
in Burlington limestone, 240 
definition of, 239 
formation of, 239-241 
in inclined strata, 241 
relations to chert nodules, 168, 240 


Stylolites, references to, 239, 450 
theories of origin of, 239 
Succession, geosynclinal, 30 
Sudl)ury-Bruce series, 56 
Supai sandstone, cross-lamination in, 248 
Superposition, principle of, 25-27 
invalidity of, 27 
references to, 22-23, 450 
Surfaces, of erosion, rocks exposed on, 48 
relatioris of rocks along, 48 
silicified, 50, 51 
of flows, clastic dikes in, 387 
erosional features on, 387 
filled cracks in, 387 
of lavas, 342 
of weathering. 52 

etched by solution, 226 
Suwanee flow, flow units in, 368 
Swash marks, 127-12‘J 

T 

Tapeats sandstone, cross-lamination in. 

248 

Tayvallich lava, pipe-amygdalcs in, 353 
Tension cracks. 447-449 
microscopic, 8 

Textbooks, of sedimentation, 20-24 
of structural geology, 20-24 
Textural gradation, use of, 79 
Textural profiles, in flows and sills, 330 
Textural variation, in pyroclastic; di-- 
posits, 330-331 
in sedimentary rocks, 87-89 
in accessory minerals, 88 
along contacts between sandstones. 

88 

in conglomerates, 64 
due to foreign sediments, 87 
in Galcsville sandstone, 89 
in Ironton formation, 88, 89 
in Jordan sandstone, 89 
in Madison sandstone, 89 
in rippled formations, 106 
in sandstones, 78 
in shales, 78 

in sharpstone conglomerates, 70 
Thanatocoenosc, 285 
Tillites, 73 
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Tillstoiics, 73 

TiiniskaniinR graywacke, 78 
Tonto sandstone. 59 
Top and bottom features, 6-9, 19, 92 
earliest articles on, 19 
limitations on use of. 7 
nature of, 6 
reliability of. 6 
scale of development of. 7 
sources of information on. 19 
on undersurfaces of layers, 8, 9, 92 
on upper surfaces of layers, 8, 9, 92 
variations in. 6 
Tops of lava flows, 357-358 
fraKinental, 348 
red. 384, 385, 401-402 
in Columbia River flows, 402 
in Keweenawan flows, 401 
in Steens Mountain, 402 
vesicular, 348 
Topset beds. 243 

Torridonian .sandstone, ventifacts in, 170 
Tracks, 173, 174, 303 
of birds in mud. 177 
of invertebrates, 180 
references to. 451 
Trail and underplight. 160-102 
resemblance to flow cast, 160 
Trails, 161. 173, 174, 181, 303 
counterparts of, 175 
in Horton sandstone, 175 
in Olentangy shale, 175 
references to, 451 

use of, as top and bottom criteria, 175 
of worms, 177, 180 
Tree mold, 394, 397 
Trees, buried in sitn by lava, 394 
lava, 394, 395, 397 
lava-enveloped. 394 

Trenton limestone, intraforniational cor¬ 
rugation in, 272 

Triarthrus becki, burial position of, 317 
Triassic sandstones, ripple-mark in, 98 
Trilobites, burial position of, 317-318 
of Triarthrus becki, 317 
in Utica shale. 317-318 
Troughs, deposits in, 235 
erosional, 235 

in Manlius limestone, 235 
in Portage shale, 235 


Troughs, of ripples, accumulations in, 94 
nature of, 92-93 
Tsunamis, erosive action of, 69 
Tubes, of Spirorbis, 303 
Tuff, deposits of, 330-331 
textural variation in, 330 
Tuffstone, definition of, 65 
Tunnels, in lava flows, 383 
Tuscaloosa conglomerate, 52 

r 

Umpqua formation, sills in, 413 
I’nconformities, 25, 43 
angular, definition of, 44 
between Ix?banon and Carters lime¬ 
stones, 225 
borings along, 185 
burrows along, 185 
criteria of, 46 

criteria, for subsurface recognition of, 
47 

as criterion of s\icccssion, 47 
definitions of, 25, 43 
erosional features along, 225 
examples of, 48-50 
false, 56 

fish remains along, 229 , 

in glacial deposits, 50 
identification of, 46 
incrustations on, 51 
karst features along, 225 
local, 55 

in Pre-Cambrian rocks, 46 
profiles of weathering below, 51 
references to, 22-23, 450 
regional, 47 
silicified, 51 

in subsurface work, 46, 47 
subterranean, 228 
surface of, 47 

in Upper Cretaceous rocks, 46 
in volcanic rocks, 48 
worm burrows along, 182 
zone of, 49 
Underplight, 161 
Unkar sandstone, 59 
Uralian, lower, cephalopods in, 42 
Utica shale, trilobites in, 317 
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V 

Varves, 31, 64, 86 

associated with Squantum tillite, 85 
definition of, 31 
nonglacial marine, 87 
references to, 85, 450 
Vein, clastic, 372 
Ventifacts, buried, 169 

on ancient erosion surfaces, 50 
in basal Cambrian, 170 
in Buntersandstein, 170 
in Hickory sandstone, 170 
in mollisol, 162, 163 
in Pleistocene deposits, 170 
in Rothliegendes, 170 
in St. Peter sandstone. 169. 171 
in Torridonian sandstone, 170 
Vesicles, fillings of, 350 
kinds of, pipe, 352 
spherical and spheroidal. 351, 352 

spike, 352 
tubular, 353, 356 

use of, in determining tops of flows, 
352 

zones of, in lava flows, 349 
Vishnu schist, illustrating com para live 
deformation, 59 
pseudo ripple-mark in, 123-125 
Volatile transfer, 330 

Volumetric variation, in accessory min¬ 
erals, 88, 89 
Vugs, in sills, 414 

\\ 


Wasatch limestone, algal spheroids in, 
283, 324 

Chorellopsis coloniala in, 324 
composite fillings in. 323 
primary organic cavities in, 282, 283 
Washouts, 230 

Wave ripple-inark. incomplete, 122 
in Cambridge slate, 122 
in Goodland formation, 122 
in Medina sandstone, 122 
Weathering profiles (see. Profiles of 
weathering) 

Welded contacts. 50. 55 
Westonia, burial position of, 316, 317 
White River beds, clastic (likes in, 215 
Wildhorn nappe, cleavage in, 438 
Windsor formation, algal biostromes in, 
287. 289, 292 
algal spheroids in, 283 
current-strewn shells in, 315 
overturned beds in, 29 
primary organic cavities in, 282 

rill marks in. 131 
salinastonc sequences in, 89, 90 
“Wisconsin S(‘hool“ of structural ge¬ 
ology, 446 

Worm burrows, of Arenicola, 184 
of ArenirolHes, 184 
in Black River limestone, 182 
in Chemung formation, 184 
along unconformities, 182 

Wrinkles, flow, 344 

in Pre-Cambrian lava, 346 

use for determining tops of flows, 

346, 347 


Walnut limestone, incomplete ripple 
marks in, 108, 109 
Wamsutta red beds, 72 
cleavage in, 438 
flow cast in, 157, 161 
imbricate pebbles in, 255 
interrupted graded bedding in, 84 
lithogic facies in, 72 
mud cracks in, 203, 204 
ripple trough fillings in, 119 
sedimentary facies in, 72 
shale crescents in, 123 
shale pellets in, 439 
Warp, definition of, 161, 162 



Xenoliths. 58. 416 
in sills, 416 

Yazoo clay, surficial cracks m, 219 
Yellowknife group, graded bedding m, 81 
pse\idogradalional bedding in, 422, 423 


Zones, of vesicl^m laut flf^ 31.) 

Ml tops onnvalteiJK. 38.^ 
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